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PREFACE  TO  THE  THIRD  EDITION 

This  book  was  published  in  the  fall  of  1910.  It  was  the  first 
new  American  book  in  its  field  that  had  appeared  in  twenty  years. 
It  was  not  only  new  in  time,  it  was  new  in  plan.  The  present  edition, 
which  represents  a  third  printing,  thus  demands  careful  revision. 

The  re\Tsion  has  been  comprehensive  and  has  unfortunately 
somewhat  increased  the  size  of  the  book — a  defect  which  further 
time  may,  however,  permit  to  be  overcome.  Such  errors  in  statement 
or  typography  as  have  been  discovered  have  been  eliminated. 
Improved  methods  of  presentation  have  been  adopted  wherever 
such  action  was  possible.  Answers  to  many  of  the  numerical  prob- 
lems have  now  been  incorporated,  and  additional  problems  set. 

Expanded  treatment  has  been  given  the  kinetic  theory  of  gases 
and  the  flow  of  gases;  and  results  of  recent  studies  of  the  properties 
of  steam  have  been  discussed.  There  will  be  found  a  brief  study  of 
gas  and  vapor  mixtures,  undertaken  with  special  reference  to  the  use 
of  mixtures  in  heat  engines.  The  gas  engine  cycle  has  been  subjected 
to  an  analysis  which  takes  account  of  the  var3ring  specific  hetftisr  of 
the  gases.  The  section  on  pressure  turbines  has  been  rewriHen,  as 
has  also  the  whole  of  Chapter  XV,  on  results  of  engine  ^rests-^the  , 
latter  after  an  entirely  new  plan.  A  new  method  of  design  of  cem-/-'- 
pound  engines  has  been  introduced.  Some  developmeats/inoni  <he'*-' 
engineering  practice  of  the  past  three  years  are  discuesed-— 5iK:ti  as 
Orrok's  condenser  constants;  Clayton^s  studies  of  cyUnder  .3;ction 
(with  application  to  the  Him  analysis  and  the  entropy  diagram), 
the  Humphrey  internal  combustion  pump,  the  Stumpf  uniflow 
engine  and  various  gas-engine  cycles.  The  section  on  absorption 
systems  of  refrigeration  has  been  extended  to  include  the  method 
of  computing  a  heat  balance.  Brief  additional  sections  on  applica- 
tions of  the  laws  of  gases  to  ordnance  and  to  balloon  construction 
are  submitted.  A  table  of  symbols  have  been  prefixed  to  the  text, 
and  a  *'  reminder  "  page  on  the  forms  of  logarithmic  transformation 
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may  be  found  useful.    The  Tyler  method  of  solving  exponential 
equations  by  hyperbolic  functions  will  certainly  be  found  new. 

In  spite  of  these  changes,  the  inductive  method  is  retained  to 
the  largest  extent  that  has  seemed  practicable.  The  function  of  the 
book  is  to  lead  the  student  from  what  is  the  simple  and  obvious 
fact  of  daily  experience  to  the  comprehensive  generalization.  This 
seems  more  useful  than  the  reverse  procedure. 

Polytechnic  Institute  of  Brooklyn, 
New  York,  1913. 
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PREFACE  TO  THE  FIRST  EDITION 

"Applied  Thermodynamics"  is  a  pretty  broad  title ;  but  it  is 
intended  to  describe  a  method  of  treatment  rather  than  unusual 
scope.  The  writer's  aim  has  been  to  present  those  fundamental 
principles  which  concern  the  designer  no  less  than  the  technical 
student  in  such  a  way  as  to  convince  of  their  importance. 

The  vital  problem  of  the  day  in  mechanical  engineering  is  that 
of  the  prime  mover.  Is  the  steam  engine,  the  gas  engine,  or  the 
turbine  to  survive?  The  internal  combustion  engine  works  with 
the  wide  range  of  temperature  shown  by  Carnot  to  be  desirable ; 
but  practically  its  superiority  in  efficiency  is  less  marked  than  its 
temperature  range  should  warrant.  In  most  forms,  its  entire  charge, 
and  in  all  forms,  the  greater  part  of  its  charge,  must  be  compressed 
by  a  separate  and  thermally  wasteful  operation.  By  using  liquid 
or  solid  fuel,  this  complication  may  be  limited  so  as  to  apply  to  the 
air  supply  only ;  but  as  this  air  supply  constitutes  the  greater  part 
of  the  combustible  mixture,  the  difficulties  remain  serious,  and  there 
is  no  present  means  available  for  supplying  oxygen  in  liquid  or  solid 
form  so  as  to  wholly  avoid  the  necessity  for  compression. 

The  turbine,  with  superheat  and  high  vacuum,  has  not  yet 
surpassed  the  best  efficiency  records  of  the  reciprocating  engine, 
although  commercially  its  superior  in  many  applications.  Like  the 
internal  combustion  engine,  the  turbine,  with  its  wide  temperature 
range,  has  gone  far  toward  offsetting  its  low  efficiency  ratio ;  where 
the  temperature  range  has  been  narrow  the  economy  has  been  low, 
and  when  running  non-condensing  the  efficiency  of  the  turbine  has 
compared  unfavorably  with  that  of  the  engine.  There  is  promise 
of  development  along  the  line  of  attack  on  the  energy  losses  in  the 
turbine;  there  seems  little  to  be  accomplished  in  reducing  th(»se 
losses  in  the  engine.  The  two  motors  may  at  any  moment  reach 
a  parity. 
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These  are  the  questions  which  should  be  kept  in  miad  by  the 
reader.  Thermodynamics  is  physics,  not  mathematics  or  logic. 
This  book  takes  a  middle  ground  between  those  text-books  which 
replace  all  theory  by  empiricism  and  that  other  class  of  treatises 
which  are  too  apt  to  ignore  the  engineering  signiiicaDce  of  their 
vocabulary  of  differential  equations.  We  here  aim  to  present  ideal 
operations,  to  show  how  they  are  modified  in  practice,  to  amplify 
underlying  principles,  and  to  stop  when  the  further  application  of 
those  principles  becomes  a  matter  of  machine  design..  Thermo- 
dynamics has  its  o\pu  distinct  and  by  no  means  narrow  scope,  and 
the  intellectual  training  arising  from  its  study  is  not  to  be  ignored. 
We  here  deal  only  with  a  few  of  its  engineering  aspects;  but  these, 
with  all  others,  hark  back  invariably  to  »  few  fundamental  princi- 
ples, and  these  principles  are  the  matters  for  insistent  emphasis. 
Too  much  anxiety  is  sometimes  shown  to  quickly  reach  rules  of 
practice.  Tliis,  perhaps,  has  made  out  subject  too  often  the  barren 
science.  Rules  of  practice  eternally  change;  for  they  depend  not 
alone  on  underlying  theory,  but  on  conditions  current.  Our  theory 
should  be  so  sound,  and  our  grasp  of  underlying  principles  -so  just, 
that  we  may  successfully  attack  new  problems  as  they  arise  and 
evolve  those  rules  of  practice  which  at  any  moment  may  be  best 
for  the  conditions  existing  at  that  moment. 

But  if  Thermodynamics  is  not  differential  equations,  neither 
should  too  much  trouble  be  taken  to  avoid  the  use  of  mathematics 
which  every  engineer  is  supposed  to  have  mastered.  The  calculus 
is  accordingly  employed  where  it  saves  time  and  trouble,  not  else- 
where. The  HO-called  general  matliematical  method  has  been  used 
in  the  one  application  where  it  is  still  necessary  ;  elsewhere,  special 
methods,  which  give  more  physical  significance  to  the  things  de- 
scribed, have  been  employed  in  preference.  Formulas  are  useful 
to  the  busy  engineer,  but  destructive  to  the  student ;  and  after 
weighing  the  matter  the  writer  has  chosen  to  avoid  formal  definitions 
and  too  binding  symbols,  preferring  to  compel  the  occasionally 
reluctant  reader  to  grub  out  roots  for  himself  —  an  excellent  exer- 
cise which  becomes  play  by  practice. 

The  subject  of  compressed  air  is  perhaps  not  Thermodynamics, 
but  it  illustrates  in  a  simple  way  many  of  the  principles  of  gases 
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and  has  therefore  been  included.  Some  other  topics  may  convey 
an  impression  of  novelty ;  the  gas  engine  is  treated  before  the  steam 
engine,  because  if  the  order  is  reversed  the  reader  will  usually  be 
rusty  on  the  theory  of  gases  after  spending  some  weeks  with  vapor 
phenomena ;  a  brief  exposition  of  multiple-effect  distillation  is  pre- 
sented; a  limit  is  suggested  for  the  efficiency  of  the  power  gas 
producer ;  and,  carrying  out  the  general  use  of  the  entropy  diagram 
for  illustrative  purposes,  new  entropy  charts  have  been  prepared 
for  ammonia,  ether,  and  carbon  dioxide.  A  large  number  of  prob- 
lems has  been  incorporated.  Most  of  these  should  be  worked  with 
the  aid  of  the  slide  rule. 

Further  originality  is  not  claimed.  The  subject  has  been  written, 
and  may  now  be  only  re-presented.  All  standard  works  have  been 
consulted,  and  an  effort  has  been  made  to  give  credit  for  methods 
as  well  as  data.  Yet  it  would  be  impossible  in  this  way  to  fully 
acknowledge  the  beneficial  influence  of  the  writer's  former  teachers, 
the  late  Professor  Wood,  Professor  J.  E.  Denton,  and  Dr.  D.  S. 
Jacobus.  It  may  be  sufficient  to  say  that  if  there  is  anything  good 
in  the  book  they  have  contributed  to  it;  and  for  what  is  not  good, 
they  are  not  responsible. 

POLTTECHXIC    IXSTITI'TE    OF   BROOKLYN, 

Nbw  Yohk,  August,  1010. 
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F  =  Fahrenheit; 
C= Centigrade; 
R^R^umur; 
=  Radiation  (Art.  25); 
= gas  constant  for  air = 53.36  ft. lb. 

=0.0686  B.t.u.; 
=  ratio  of  expansion; 
P,  p  =  pressure:  usually  lb.  per  sq.  in. 

absolute; 
F,  I? = volume,  cu.  ft:  usually  of  1  lb.; 

= velocity  (Chapter  XIV); 
Tf  ^ » temperature,  usually  absolute; 
r=heat  to  produce  change  of  tem- 
perature (Art.  12); 
^  =  change  of  internal  energy; 
/^disgregation  work; 
Q,  ff =heat  absorbed  or  emitted; 

= total  heat  above  32°  of  1  lb.  of 
dry  vapor; 
A = heat  emitted; 
=heat  of  liquid  above  32°  F; 
=head  of  liquid; 
c= constant; 

= specific  heat; 
d= specific  heat; 
r=gas  constant  (Art.  52); 
=  internal  heat  of  vaporization; 
s=  ratio  of  expansion; 

— =  =  specific  heat; 
al 
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rdH_ 
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entropy; 


34.5  lbs.  water  per  hour  from  and  at  212^ 

F.  =  lboaerH.P.; 
42.42  B.t.u.  per  min.  =  1  H.P.; 
2545  B.t.u.  per  hour  =  1  H.P.; 
17.59  B.t.u.  per  minute  =  1  watt; 
w,  TF= weight  (lb.); 

TF= external  mechanical  work; 
5= piston  speed,  feet  per  minute; 
A  =  piston  area,  square  inch; 
A;  =  specific  heat  at  constant  pres- 
sure; 

I  =  specific  heat  at  constant  volimie; 
k 

n=polytropic  exponent; 
N,  n=  entropy; 

e = coefficient  of  elasticity; 
= external  work  of  vaporization; 
pm^mean  effective  pressure; 
2>  » piston  displacement  (Art.  190); 
r.p.m.  =  revolutions  per  minute; 
H.P.  =horse-power; 
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^=32.2; 
778= mechanical  equivalent  of  heat; 
459.6(460)=  absolute     temperature    at 
Fahrenheit  zero; 
L =heat  of  vaporization; 
X = dryness  fraction ; 
F= factor  of  evaporation; 
n*=  entropy  of  dry  steam; 
n«= entropy  of  vaporization; 
nir = entropy  of  liquid. 
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CHAPTER  I 

THE  NATURE  AND  EFFECTS  OF  HEAT 

1.  Heat  as  Motive  Power.  All  /artificial  motive  powers  derive  their 
origin  from  heat.  Muscular  effort,  the  forces  of  the  waterfall,  the  wind, 
tides  and  waves,  and  the  euergy  developed  by  the  combustion  of  fuel,  may 
all  be  traced  back  to  reactions  induced  by  heat.  Our  solid,  liquid,  and 
gaseous  fuda  are  stored-up  solar  heat  in  the  forms  of  hydrogen  and  carbon. 

h 

2.  Ifature  of  Heat     We  speak  of  bodies  as  "hot"  or  "cold,''  referring 

to  certain  impressions  which  they  produce  upon  our  senses.  Common 
experimental  knowledge  regarding  heat  is  limited  to  sensations  of  temper- 
ature. Is  heat  matter,  force,  motion,  or  position  ?  The  old  "  caloric " 
theory  was  that  "heat  was  that  substance  whose  entrance  into  our  bodies 
causes  the  sensation  of  warmth,  and  whose  egress  the  sensation  of  cold." 
But  heat  is  not  a  "  substance  "  similar  to  those  with  which  we  are  familiar, 
for  a  hot  body  weighs  no  more  than  one  which  is  cold.  The  calorists 
avoided  this  difficulty  by  assuming  the  exbtence  of  a  weightless  material 
fluid,  caloric.  This  substance,  present  in  the  interstices  of  bodies,  it  was 
contended,  produced  the  effects  of  heat;  it  had  the  property  of  passing 
between  bodies  over  any  intervening  distance.  Friction,  for  example,  de- 
creased the  capacity  for  caioric;  and  consequently  some  of  the  latter 
"  flowed  out,"  as  to  the  hand  of  the  observer,  producing  the  sensation  of 
heat.  Davy,  however,  in  1799,  proved  that  friction  does  not  diminish  the 
capacity  of  bodies  for  containing  heat,  by  rubbing  together  two  pieces  of 
ice  until  they  melted.  According  to  the  caloric  theory,  the  resulting  water 
should  have  had  less  capacity  for  heat  than  the  original  ice :  but  the  fact  is 
that  water  has  actually  about  twice  the  capacity  for  heat  that  ice  has ;  or, 
in  other  words,  the  specific  heat  of  water  is  about  1.0,  while  that  of  ice  is 
0.504.  The  caloric  theory  was  further  assailed  by  Rumford,  who  showed 
that  the  supply  of  heat  from  a  body  put  under  appropriate  conditions  was 
so  nearly  inexhaustible  that  the  source  thereof  could  not  be  conceived  as 
being  even  an  "  imponderable"  substance.  The  notion  of  the  calorists 
was  that  the  different  specific  heats  of  bodies  were  due  to  a  varying  capac- 
ity for  caloric ;  that  caloric  might  be  squeezed  out  of  a  body  like  water 
from  a  sponge.  Rumford  measured  the  heat  generated  by  the  boring  of 
cannon  in  the  arsenal  at  Munich.    In  one  experiment,  a  gun  weighing 
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113.13  lb.  was  heated  70°  F.,  although  the  total  weight  of  borings  produced 
was  only  837  grains  troy.  In  a  later  experiment,  Rumford  succeeded  in 
boiling  water  by  the  heat  thus  generated.  He  argued  that  **  anything 
which  any  insulated  body  or  system  of  bodies  may  contimie  to  famish  without 
limitaXion  cannot  possibly  be  a  material  substance  J'  The  evolution  of  heat, 
it  was  contended,  might  continue  as  indefinitely  as  the  generation  of 
sound  following  the  repeated  striking  of  a  bell  (1).  * 

Joule,  about  1845,  showed  conclusively  that  mechanical  energy 
alone  sufficed  for  the  production  of  heat,  and  tliat  the  amount  of  heat 

generated  was  always  proportionate  to  the 
energy  expended.  A  view  of  his  apparatus 
is  given  in  Fig.  1,  v  and  A  being  the  verti- 
cal and  horizontal  sections,  respectively,  of 
the  container  shown  at  c.  Water  being 
)laced  in  <?,  a  rotary  motion  of  the  contained 
brass  paddle  wheel  was  caused  by  the  de- 
scent of  two  leaden  weights  suspended  by 
cords.      The  rise  in    temperature  of    the 


Q 


Fio.  1.    Arts.  2,  90. — Joule's  Apparatus. 


water  was  noted,  the  expended  work  (by  the  falling  weights)  com- 
puted, and  a  proper  correction  made  for  radiation..  Similar  experi- 
ments were  made  with  mercury  instead  of  water.  As  a  result  of 
his  experiments.  Joule  reached  conclusions  wliich  served  to  finally 
overthrow    the  caloric  tlieory. 

3.  Mechanical  Theory  of  Heat.  Various  ancient  and  modem 
philosophers  had  conceded  that  heat  was  a  motion  of  the  minute 
particles  of  tlie  body,  some  of  them  suggesting  that  such  motion 

*  Figures  in  parentheses  signify  references  grouped  at  the  ends  of  the  chapters. 
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was  produced  by  an  "igneous  matter."  Locke  defined  heat  as  "a 
very  brisk  agitation  of  the  insensible  parts  of  the  object,  which  pro- 
duces in  us  that  sensation  from  which  we  denominate  the  object 
hot ;  so  [that]  what  in  our  sensation  is  heat,  in  the  object  is  nothing 
but  motion."  Young  argued,  "If  heat  be  not  a  substance,  it  must 
be  a  quality;  and  this  quality  can  only  be  a  motion."  This  is  the 
modem  conception.  Heat  is  energy :  it  can  perform  work,  or  pro- 
duce certain  sensations ;  it  can  be  measured  by  its  various  eflfects. 
It  is  regarded  as  ^^  energy  stored  in  a  substance  by  virtue  of  the  state 
of  its  molecular  motion"  (2). 

Conceding  that  heat  is  energy,  and  remembering  the  expression  for  energy, 
I  mv^y  it  follows  that  if  the  mass  of  the  particle  does  not  change,  its  velocity  (molec- 
ular velocity)  must  change;  or  if  heat  is  to  include  potential  energy,  then  the 
molecular  configuration  must  change.  The  molecular  vibrations  are  invisible,  and 
their  precise  nature  unknown.  Rankine's  theory  of  molecular  vortices  assumes  a 
law  of  vibration  which  has  led  to  some  useful  results. 

Since  heat  is  energy,  its  laws  are  those  generally  applicable  to  energy, 
as  laid  down  by  Newton :  it  must  have  a  commensurable  value ;  it  must 
be  convertible  into  other  forms  of  energy,  and  they  to  heat;  and  the 
equivalent  of  heat  energy,  expressed  in  mechanical  energy  units,  must  be 
constant  and  determinable  by  experiment. 

4.  Subdivisions  of  the  Subject.  The  evolutions  and  absorptions 
of  heat  accompanying  atomic  combinations  and  molecular  decompo- 
sitions are  the  subjects  of  thermochemistry.  The  mutual  relations  of 
heat  phenomena,  with  the  consideration  of  the  laws  of  heat  trans- 
mission, are  dealt  with  in  general  physics.  The  relations  between 
heat  and  mechanical  energy  are  included  in  the  scope  of  applied  eiigi- 
fleering  thermodynamics^  which  may  be  defined  as  the  science  of  the 
mechanical  t/ieory  of  heat.  While  thermodynamics  is  thus  apparently 
only  a  subdivision  of  that  branch  of  physics  which  treats  of  heat,  the 
relations  which  it  considers  are  so  important  that  it  may  be  regarded 
as  one  of  the  two  fundamental  divisions  of  physics,  which  from  this 
standpoint  includes  mechanics  —  dealing  with  the  phenomena  of 
ordinary  masses  —  and  thermodynamics — treating  of  the  phenomena 
of  molecules.    Thermodynamics  is  the  science  of  energy. 

5.  Applications  of  Thermodynamics.  The  subject  has  far-reaching 
applications  in  physics  and  chemistry.    In  its  mechanical  aspects,  it  deals 
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with  matters  fundamental  to  the  engineer.  After  developing  the  general 
laws  and  dwelling  briefly  upon  ideal  processes,  we  are  to  study  the  condi- 
tions affecting  the  efficiency  and  capacity  of  air,  gas,  and  steam  engines 
and  the  steam  turbine;  together  with  the  economics  of  air  compression, 
distillation,  refrigeration,  and  gaseous  liquefaction.  The  ultimate  engi- 
neering a])])lication  of  thermodynamics  is  in  the  saving  of  heat,  an  appli- 
cation which  becomes  attractive  when  viewed  in  its  just  aspect  as  a  saving 
of  money  and  a  mode  of  conservation  of  our  material  wealth. 

6.  Temperature.  A  hot  body,  in  common  language,  is  one  whose 
teiuperature  is  high,  while  a  cold  body  is  one  low  in  temperature.  Tem- 
perature, then,  is  a  measure  of  the  hotness  of  bodies.  From  a  rise  in  tem- 
perature, we  infer  an  accession  of  heat;  or  from  a  fall  in  temperature, 
a  loss  of  heat.*  Temperature  is  not,  however,  a  satisfactory  measure  of 
quantities  of  heat.  A  pound  of  water  at  200°  contains  very  much  more 
heat  than  a  ])ound  of  lead  at  the  same  temperature';  this  may  be  demon- 
strated by  successively  (jooling  the  l)odies  in  a  bath  to  the  same  final  tem- 
perature, and  noting  the  gain  of  heat  by  the  bath.  Furthermore,  immense 
quantities  of  heat  are  absorbed  by  bodie^s  in  passing  from  the  solid  to  the 
liquid  or  from  the  liquid  to  the  vaporous  conditions,  without  any  change 
in  temperature  whatever.  Temperature  defines  a  condition  of  heat  only. 
It  is  a  measure  of  the  rapacity  of  the  body  for  communicating  heat  to  other 
bodies.  Heat  always  passes  from  a  body  of  relatively  high  temperature ; 
it  never  passes  of  itself  from  a  cold  body  to  a  hot  one.  Wherever  two 
bodies  of  different  temperatures  are  in  thermal  juxtaposition,  an  inter- 
change of  heat  takes  place ;  the  cooler  body  absorbs  heat  from  the  hotter 
body,  no  matter  which  contains  initially  the  greater  quantity  of  heat, 
until  the  two  are  at  the  same  temperature,  or  in  thermxd  equilibrium. 
Tiro  bodies  are  at  the  same  temperature  when  there  is  no  tendency  toward  a 
transfer  of  heat  between  them.  Measurements  of  temperature  are  in  gen- 
eral based  upon  arbitrary  scales,  standardized  by  comparison  with  some 
physically  established  "  fixed  "  point.  One  of  these  fixed  temperatures  is 
that  minimum  at  which  pure  water  boils  when  under  normal  atmospheric 
pressure  of  14.()97  lb.  per  square  inch;  viz.  212°  F.  Another  is  the 
maximum  temperature  of  melting  ice  at  atmospheric  pressure,  which  is 
,S2°  F.  Our  arbitrary  scales  of  temperature  cannot  be  expressed  in  terms 
of  the  fundamental  i)liysical  units  of  length  and  weight. 

7'  Measurement  of  Temperature.  Temperatures  are  measured  by  thermome- 
ters. The  coiniuon  type  of  instrument  consists  of  a  connected  bulb  and  vertical 
tube,  of  glass,  in  which  is  contained  a  liquid.    Any  change  in  temperature  affecte 

*  ".  .  .  the  change  in  tenihorature  is  the  thing  observed  and  .  . .  the  idea  of  heat 
is  introduced  to  account  for  tiie  clianije.  .  .  ." — Goodenough. 
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the  vohime  of  the  liquid,  and  the  portion  in  the  tube  consequently  rises  or  falls. 
The  expansion  of  solids  or  of  gases  is  sometimes  utilized  in  the  design  of  thermom- 
eters. Mercury  and  alcohol  are  the  liquids  commonly  used.  The  former  freezes  at 
-as**  F.  and  boils  at  eTS**  F.  The  latter  freezes  at  -203°  F.  and  boils  at  173°  F. 
The  mercury  thermometer  is,  therefore,  more  conamonly  used  for  high  tempera- 
tures, and  the  alcohol  for  low  (2a). 

8.  Thermometric  Scales.  The  Fahrenheit  thermometer,  generally 
employed  by  engineers  in  the  United  States  and  Great  Britain, 
divides  the  space  between  the  'Mixed  points"  (Art.  6)  into  180 
equal  degrees,  freezing  being  at  32^  and  boiling  at  212°.  The 
Centigrade  scale,  employed  by  chemists  and  physicists  (sometimes 
described  as  the  Celsius  scale),  calls  the  freezing  point  0°  and  the 
boiling  point  100°.  On  the  R6aumur  scale,  used  in  Russia  and  a 
few  other  countries,  water  freezes  at  0°  and  boils  at  80°.  One  de- 
gree on  the  P^ahrenheit  scale  is,  therefore,  equal  to  |°  C,  or  to  ^°  R. 
In  making  transformations,  care  must  be  taken  to  regard  the  differ- 
ent zero  point  of  the  Fahrenheit  thermometer.  On  all  scales,  tem- 
peratures below  zero  are  distinguished  by  the  minus  (  — )  prefix. 

The  Centigrade  8cale  is  unquestioiiahly  8iii)erior  in  facilitating  arithmetical 
calculations;  but  as  most  English  paj^ers  and  tables  are  published  in  Fahrenheit 
units,  we  must,  for  the  present  at  least,  use  that  scale  of  temperatures. 

9.  High  Temperature  Measurements.      For    measuring    temperatures    above 

800 '  F.,  some  form  of  pyrometer  must  \ye  employed.  The  simplest  of  these  is  the 
meiuUic  pyrometer,  exemplifying  the  principle  that  different  metals  expand  to  dif- 
ferent extents  when  heated  through  the  same  range  of  temperature.  Bars  of  iron 
and  brass  are  firmly  connected  at  one  end,  the  other  ends  l>eing  free.  At  some 
standard  temperature  the  two  bars  are  of  the  same  length,  and  the  indicator,  con- 
trolled jointly  by  the  two  free  ends  of  the  bars,  registers  that  temperature.  When 
the  temperature  changes,  the  indicator  is  moved  to  a  new  position  by  the  relative 
distortion' of  the  free  ends. 

In  the  Le  Chatelier  electric  pyrometer,  a  thermoelectric  couple  is  employed.  For 
temperatures  ranging  from  »3(K)°  C.  to  1500°  C,  one  element  is  made  of  platinum, 
the  other  of  a  10  per  cent,  alloy  of  platinum  with  rhodium.  Any  rise  in  temj)era- 
ture  at  the  junction  of  the  elements  induces  a  flow  of  electric  cunent,  which  is  con- 
ducted by  wires  to  a  galvanometer,  located  in  any  convenient  position.  The  ex- 
pensive metallic  elements  are  protected  from  oxidation  by  enclosing  porcelain 
tul»es.  In  the  Bristol  thermoelectric  instrument,  one  element  is  of  a  platinum- 
rhodium  alloy,  the  other  of  a  cheaper  metal.  The  electromotive  force  is  indicated 
by  a  Weston  millivolt  meter,  graduated  to  read  temperatures  directly.  The  in- 
strument is  accurate  up  to  2000°  F.  The  eUctricnl  resistance  piprometer  is  bas».»d  on 
the  law  of  increase  of  electrical  resistance  with  incn^ase  of  tem{)erature.  In  Cal- 
lendar*s  form,  a  coil  of  fine  platinum  wiie  is  wound  on  a  serrated  mica  frame. 
The  instrument  is  enclosed  in  i)orcelain,  and  placed  in  the  space  the  temperature 
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of  which  is  to  be  ascertaiae<l.  The  resistance  is  uiBasureii  by  a  Wheatstone  bridge, 
a  galvanometer,  or  a  potentiometer,  calibrated  to  read  temperatures  directly. 
Each  iiiatrumeiit  must  be  separately  calibrated. 

Optical  pyrometers  are  based  on  the  prbiciple  that  tlie  colors  of  bodies  vary 
with  their  temperatures  (26).  In  the  Morse  thermogage,  of  this  type,  an  iiicaii descent 
lamp  is  wired  in  circuit  with  a  rheostat  and  a  mil  11  voltmeter.  The  lamp  is  located 
between  the  eye  and  the  object,  and  the  current  is  regulated  until  the  lamp  be- 
comes invisible.  The  temperature  is  then  read  directly  from  the  calibrated  milli- 
voltmeter.  The  di^vice  is  extensively  used  in  hardening  steel  tools,  and  has  been 
employed  to  measure  the  teiiiiwratures  in  steam  boiler  furnaces. 


10.  Cardinal  Properties.  A  cardinal  or  integral  propertt/  of  u 
substance  is  any  property  wliich  tx  fully  defined  by  the  immediate 
ttate  of  tlie  auhatance.  'Thua,  weight,  length,  specific  gravity,  are 
cardinal  properties.  On  tlie  other  Imnil,  cost  is  a  non-cardinal  prop- 
erty; the  coHt  of  a  substance  cannot  Iw  tieterniineil  by  examination 
of  that  substance;  it  depends  ujion  the  prevt'oun  h'gtofi/  of  the  sub- 
stance. Any  two  or  three  cardinal  propertiin  of  a  nubstance  may  be 
need  aa  coSrdinatea  in  a  graphic  representation  of  the  state  of  the  »ub- 
etanee.  Properlies  not  cardinal  may  not  be  so  used,  because  such 
properties  do  not  deteraiine,  nor  are  lliey  ileterrjiiiiiible  by,  tlie  pres- 
ent stiite  of  the  siilintancc.  The  cardinal  properties  employed  In 
thermodjmamics  are  five  or  six  in  number.*  Three  of  these  are  pres- 
sure, volume,  and  temperature;  pressuie  being  understond  to  mean 
specific  prensure,  or  niiil'oiiii  presHure  per  unitof  surfuce,  exerted  by  or 
upon  the  body,  Hud  volume  to  mean  volume  per  unit  of  weight.  The 
location  of  any  point  in  space  is  fully  determined  by  its  tliree  coordi- 
nates. Similarly,  any  three  cardinal  prvpertie»  mai/  serve  to  Jix  the 
thirrmal  condition  of  a  substance. 

The  first  general  principle  of  thermodynaniicB  is  that  tf  two  of  the 
three  named  cardinal  pi-opertiea  ai'e  known,  these  two  enable  ua  to  calcu- 
late the  third.  This  principle  cannot  be  proved  i>  i-riori  ;  it  i.s  to  be  Justi- 
fied by  its  results  in  practice.  Other  thermodj namio  properties  than 
prMflure,  volume,  and  temperature  conform  to  tlie  same  general  principle 
(Art.  169) ;  with  these  properties  we  are  as  yet  unacquainted,  A  correlated 
principle  is,  then,  that  any  la-o  of  the  cardinal  properties  suffice  to  fully 
determine  the  state  of  the  substance.  For  certain  gases,  the  general  prin- 
ciple may  be  expressed,  PV=  (  f)T 

■  Kor  gases,  pressure,  volume,  temperature,  Internal  energy,  entropy ;  for  wet 
vapoDi,  dryness  is  sootliet 
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while  for  other  gaseous  fluids  more  complex  equations  (Art.  363)  must  be 
used.  In  general,  these  equations  are,  in  the  lan^age  of  analytical 
geometry,  equations  to  a  surface.  Certain  vapors  cannot  be  represented, 
as  yet,  by  any  single  equation  between  P,  F,  and  7\  although  correspond- 
ing values  of  these  properties  may  have  been  ascertained  by  experiment. 
With  other  vapors,  the  pressure  may  be  expressed  as  a  function  of  the 
temperature,  while  the  volume  depends  both  upon  the  temperature  and 
upon  the  proportion  of  liquid  mingled  with  the  vapor. 

11.  Preliminary  Assumptions.  The  greater  part  of  the  subject 
deals  with  substances  assumed  to  be  in  a  state  of  mechanical  equilibrium^ 
all  changes  being  made  with  infinite  slowness.  A  second  assumption 
is  that  no  chemical  actions  occur  during  the  thermodynamic  trans- 
formation. In  the  third  place,  the  substances  dealt  with  are  assumed 
to  be  so  homogeneous,  as  to  be  in  uniform  thermal  condition  through- 
out :  for  example,  the  pressure  property  must  involve  equality  of 
pressure  in  all  directions ;  and  this  limits  the  consideration  to  the 
properties  of  liquids  and  gases. 

The  thermodynamics  of  solids  is  extremely  complex,  because  of  the  obscure 
stresses  accompanying  their  deformation  (.'i).  Kelvin  (4)  has  presented  a  general 
analysis  of  the  action  of  any  homogeneous  solid  body  homogeneously  strained. 

12.  The  Three  Effects  of  Heat.  Setting  aside  the  obvious  un- 
classified changes  in  pressure,  volume,  and  temperature  accompanying 
manifestations  of  heat  energy,  there  are  three  known  ways  in  which 
heat  may  be  expended.     They  are  : 

(a)  In  a  change  of  temperature  of  the  substance. 

(6)  In  a  change  of  physical  state  of  the  substance. 

(tf)  In  the  performance  of  external  work  by  or  upon  the  substance. 
Denoting  these  effects  by  T,  /,  and  W^  then,  for  any  transfer  of  heat 
JJ,  we  have  the  relation 

J5r=T-f  J  +  TF, 

any  of  the  terms  of  which  expression  may  be  negative.  It  should  be 
quite  obvious,  therefore,  that  changes  of  temperature  alone  are  in- 
sufficient to  measure  expenditures  of  heat. 

Items  (a)  and  (6)  are  sometimes  grouped  together  as  indications 
of  a  change  in  the  INTERNAL  ENERGY  (symbol  E)  of  the  heated 
substance,  the  term  being  one  of  the  first  importance^  which  it  is 
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essential  to  clearly  apprehend.    Items  (h)  and  (c)  are  similarly  some- 
times combined  as  representing  the  total  work. 

13.  The  Temperature  Effect.  Temperature  indications  of  heat  activity  are 
sometimes  referred  to  as  "  sensible  heat."  The  addition  of  heat  to  a  substance 
may  either  raise  or  lower  its  temperature,  in  accordance  with  the  fundamenta} 
equation  of  Art.  12. 

The  temperature  effect  of  heat,  from  the  standpoint  of  the  mechanical 
theory,  is  due  to  a  change  in  the  velocit*/  of  molecular  motion^  in  conse- 
quence of  which  the  kinetic  energy  of  that  motion  changes. 

This  effect  is  therefore  sometimes  referred  to  as  vibration  work.  Clausius 
called  it  actual  energy. 

14.  External  Work  Effect.  The  expansion  of  solids  and  fluids,  due  to  the  supply 
of  heat,  is  a  familiar  phenomenon.  Heat  may  cause  either  expansion  or  contraction, 
which,  if  exerted  against  a  resistance,  may  suttice  to  perform  mechanical  work. 

15.  Changes  of  Physical  State.  Broadly  speaking,  such  effects 
include  all  changes,  other  than  those  of  temperature,  within  the  sub- 
stance itself.  The  most  familiar  examples  are  the  change  between 
the  solid  and  the  liquid  condition,  when  the  substance  melts  or 
freezes,  and  that  between  the  liquid  and  the  vaporous,  when  it  boils 
or  condenses;  but  there  are  inUrmediate  changes  of  molecular  aggrega- 
tion in  all  material  bodies  which  are  to  be  classed  with  these  effects 
under  the  general  description,  disgregatlon  work.  The  mechanical 
theory  assumes  that  in  such  changes  the  molecules  are  moved  into 
new  positions,  with  or  against  the  lines  of  mutual  attraction.  These 
movements  are  analogous  to  the  '"partial  raising  or  lowering  of  a 
weight  which  is  later  to  be  caused  to  i)erform  work  by  its  own  descent. 
The  potential  energy  of  the  substance  is  thus  changed,  and  positive 
or  negative  work  is  performed  against  internal  resisting  forces." 

AVhen  a  substance  ehanj^es  it.s  i)hysieal  state,  as  from  water  to  steam,  it 
can  be  shown  that  a  verv  eonsidorable  anioiuit  of  external  work  is  done,  in 
consequence  of  the  increa.se  in  vohnnc  which  occurs,  and  which  may  be 
made  to  occur  against  a  heavy  pressure.  This  external  work  is,  however, 
equivalent  only  to  a  very  small  proportion  of  the  total  heat  supplied  to 
produce  evaporation,  the  balance  of  the  heat  having  been  expended  in  the 
performance  of  disgregation  work. 

The  molecular  displacements  constituting  disgregation  work  are  exemplified  in 
the  phenomena  of  solution,  and  in  the  action  of  freezing  mixtures  (5}« 
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16.  Solid,  Liquid,  Vapor,  Gas.  Solid  bodies  are  those  which  resist  tendencies 
to  cbange  their  form  or  volume.  Liquids  are  those  bodies  which  in  all  of  their 
parts  tend  to  preserve  definite  volume,  and  which  are  practically  unresist  ant  to 
iDfluences  tending  to  slowly  change  their  figure.  Gases  are  unresistant  to  slow 
changes  in  figure  or  to  increases  in  volume.  They  tend  to  expand  indefinitely  so 
as  to  completely  fill  any  space  in  which  they  are  contained,  no  matter  what  the 
shape  or  the  size  of  that  space  may  be.  Most  substances  have  been  observed  in 
all  three  forms,  under  appropriate  conditions;  and  all  substances  can  exist  in  any 
of  the  forms.  At  this  stage  of  the  discussion,  no  essential  difference  need  be 
drawn  between  a  vapor  and  a  gas.  Formerly,  the  name  vapor  was  applied  to 
those  gaseous  substances  which  at  ordinary  temperatures  were  liquid,  while  a 
•*  gas  "was  a  substance  never  observed  in  the  liquid  condition.  Since  all  of  the 
so-called  " permanent"  gases  have  been  liquefied,  this  distinction  has  lost  its  force. 
A  useful  definition  of  a  vapor  as  distinct  from  a  true  gas  will  be  given  later 
(Art.  380). 

Under  normal  atmospheric  pressure,  there  exist  well-defined  tempera- 
tnres  at  which  various  substances  pass  from  the  solid  to  the  liquid  and 
from  the  liquid  to  the  gaseous  conditions.  The  temperature  at  which  the 
former  change  occurs  is  called  the  melting  point  or  freezing  point ;  that  of 
the  latter  is  known  as  the  boiling  point  or  temperature  of  condensation. 

• 

17.  Other  Changes  of  State.  Although  the  operation  described  as  boiling 
occurs,  for  each  liquid,  at  some  definite  temperature,  there  is  an  almost  continual 
evolution  of  vapor  from  nearly  all  liquids  at  temperatures  below  their  boiling 
points.  Such  "insensible''  evaporation  is  with  some  substances  non-existent,  or 
at  least  too  small  in  amount  to  permit  of  measurement:  as  in  the  instances  of  mercury 
at  32**  F.  or  of  sulphuric  acid  at  any  ordinary  temperature.  Ordinarily,  a  liquid 
at  a  given  temperature  continues  to  evaporate  so  long  as  its  partial  vapor  pressure 
is  less  than  the  maximum  pressure  corresponding  to  its  temperature.  The  inter- 
esting phenomenon  of  sublimation  consists  in  the  direct  passage  from  the  solid  to 
the  gaseous  state.  Such  substances  as  camphor  and  iodine  manifest  this  property. 
Ice  and  snow  also  pass  directly  to  a  state  of  vapor  at  temperatures  far  below  the 
freesing  point.  There  seem  to  be  no  quantitative  data  on  the  heat  relations  accom- 
panying this  change  of  state  (see  Art.  382  b), 

18.  Variations  in  "  Fizedj  Points."  Aside  from  the  influence  of  pressing 
(Arts.  358,  603),  various  causes  may  modify  the  positions  of  the  "fixed  points"  of 
the  thermometric  scale.  Water  may  be  cooled  below  32°  F.  without  freezing,  if 
kept  perfectly  still.  If  free  from  air,  water  boils  at  270-290°  F.  Minute  particles 
of  air  are  necessary  to  start  evaporation  sooner;  their  function  is  probably  to  aid 
in  the  di£fusion  of  heat. 

(1)  Tyndall:  Heat  as  a  Mode  of  Motion.  (2)  Nichols  and  Frankhn:  The  Ele- 
ments of  Physics,  I,  161.  (2a)  Heal  TrealmerU  of  High  Temperature  Mercurial 
Thermometers^  by  Dickinson;  Bulletin  of  the  Bureau  of  Standards,  2,  2.  (26)  See 
the  paper,  Optical  Pyrometry,  by  Waidner  and  Burgess,  Bulletin  of  the  Bureau  of 
Standards^  1,  2.     (3)  See  paper  by  J.  E.  Siebel:    The  Molecular  Constitution  of 
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Solids,  in  Science,  Nov.  5,   1909,  p.  654.     (4)  Quarterly  MathemaHcal  Journal, 
April,  1855.     (5)  Darling:  Heat  for  Engineers,  208. 

SYNOPSIS  OF  CHAPTER  I 

Heat  is  the  universal  source  of  motive  power. 

Theories  of  heat :  the  caloric  theory  —  heat  is  matter;  the  mechanical  theory  —  heat 
is  molecular  motion,  mutually  convertible  with  mechanical  energy. 

TUERMOCHEMIBTRT,  THERMODYNAMICS. 

Themiodynamics :  the  mechanical  theory  of  heat ;  in  its  engineering  applications,  the 

science  of  heat-motor  efficiency. 
Heat  intensity,  temperature :  definition  of,  measurement  of ;  pyrometers. 
Thermometric  scales :    Fahrenheit,   Centigrade,   R^umur ;    fixed  points  and  their 

variations. 
Cardinal  properties :  pressure,  volume,  temperature ;  PV=  (/)  T, 
Assumptions :  uniform  thermal  condition ;  no  chemical  action  ;  mechanical  equilibrium. 
JE!ffectsofheat:  H^'T+I'^W;  7+1==^=  "internal  energy";   Tr=  external  work. 
Changes  of  physical  state,  perceptible  and  imperceptible :  I^disgregation  work. 
Solid,  liquid,  vapor,    gas :    melting  point,   boiling   point;    insensible  evaporation ; 

sublimation. 

PROBLEMS 

1.  Compute  the  freezing  points,  on  the  Centigrade  scale,  of  mercury  and  alcohol. 
(^n«.,  mercury,  -38.9°:  alcohol,- 130.6*».) 

2.  At  what  temperatures,  Reaumur,  do  alcohol  and  mercury  boil?     (Ans,,  mer- 
cury, 285.8°:  alcohol,  62.7°.) 

3.  The  normal  temperature  of  the  human  body  is  98.6°  F.     Express  in  Centigrade 
degrees.     {Ans.,  37°  C.) 

4.  At  what  temperatures  do  the  Fahrenheit  and  Centigrade  thermometers  read 
alike?     (Ans.,  -40°.) 

5.  At  what  temperatures  do  the  Fahrenheit  and  Reaumur  thermometers  read 
alike?     (Ans,,  -25.6°.) 

6.  Express  the  temperature  —273°  C.  on  the  Fahrenheit  and  R^umur  scales. 
(Ans,,  -459.4°  F.:  -218.4°  R.) 


CHAPTER  II 

THE  HEAT  UNIT:    SPECIFIC   HEAT:    FIRST  LAW  OF 

THERMODYNAMICS 

19.  Temperature  —  Waterfall  Analogy.  The  difference  between  temperature 
and  quantity  of  heat  may  be  apprehended  from  the  analogy  of  a  waterfall.  Tem- 
perature is  like  the  head  of  water ;  the  energy  of  the  fall  depends  upon  the  head, 
but  cannot  be  computed  without  knowing  at  the  same  time  the  quantity  of  water. 
As  waterfalls  of  equal  height  may  differ  in  power,  while  those  of  equal  power  may 
differ  in  fall,  so  bodies  at  like  temperatures  may  contain  different  quantities  of 
heat,  and  those  at  unequal  temperatures  may  be  equal  in  heat  contents. 

SO.  Temperatures  and  Heat  Quantities.  If  we  mix  equal  weights  of 
water  at  different  temperatures,  the  resulting  temperature  of  the  mix- 
ture will  be  very  nearly  a  mean  between  the  two  initial  temperatures. 
If  the  original  weights  are  unequal,  then  the  linal  temperature  will  be 
nearer  that  initially  held  by  the  greater  weight.  The  general  principle  of 
transfer  is  that 

The  loss  of  heat  by  the  hotter  water  will  equal  the  gain  of  heat  by  the 
colder. 

Thus,  5  lb.  of  water  at  200*'  mixed  with  1  lb.  at  104*'  gives  6  lb.  at 
184°;  the  hotter  water  having  lost  80  *' pound-degrees,"  and  the  colder 
water  having  gained  the  same  amount  of  heat.  If,  however,  we  mix  the 
5  lb.  of  hot  water  with  1  lb.  of  some  other  substance  —  say  linseed  oil  — 
the  resulting  temperature  will  not  be  184°,  but  194.6°,  if  the  initial  tem- 
perature of  the  oil  is  104°. 

21.  General  Principles.  Before  proceeding,  we  may  note,  in  addition  to  the 
principle  just  laid  down,  the  following  laws  which  are  made  apparent  by  the  ex- 
periments described  and  others  of  a  similar  nature  : 

(a)  In  a  homogeneous  substance,  the  movement  of  heat  accom- 
panying a  given  change  of  temperature*  is  proportional  to  the 
weight  of  the  substance. 

(6)  The  movement  of  heat  corresponding  to  a  given  change  of 

*  Not  only  the  amount,  but  the  method,  of  changing  the  temperature  must  be 
fixed  (Art  67). 

n 
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temperature  is  not  necessarily  the  same  for  equal  intervals  at  all 
parts  of  the  thermometrii;  scale ;  thus,  water  cooling  from  200°  to 
195°  does  not  give  out  exactly  the  same  quantity  of  heat  an  in  cool- 
ing from  100=  to  95°. 

(c)  The  loss  of  lieat  during  cooling  through  a  stated  range  of 
temperature  is  exactly  equal  to  the  gain  of  heat  during  warming 
through  the  same  range. 

22.  The  Heat  Unit.  Changes  of  temperature  alone  lio  Dot  measure  heat  quan- 
tities, b«icause  lieat  produces  otlier  elfectB  than  tliat  of  temperature  change.  If, 
however,  we  place  a  body  under  "standard"  cniiditions,  nt  which  these  other 
effects,  if  not  known,  are  at  least  coni^taut,  then  we  may  define  a  unit  of  quantity 
of  heat  by  reference  to  llie  change  iii  temperature  which  it  produces,  understand- 
ing that  there  may  be  included  jterceptible  or  imperceptible  changes  of  other 
kinds,  not  aflfectitig  tin'  cunstain'y  of  valiif  of  the  unit. 

The  British  Thermal  Unit  Is  that  quantity  of  heat  which  la  expended  in 
raising  the  temperature  of  one  pound  of  water  (or  in  producing  other  efiecta 
during  this  change  in  temperature)  from  62='  to  63'  F.* 

To  heat  water  ovit  tliis  range  of  temperature  requires  very  nearly  the  same 
expenditure  of  heat  as  ta  necessary  to  warm  it  1°  at  any  point  on  the  Ihermometriio 
scale.  In  fact,  some  writ«rs  define  the  heat  unit  as  that  quantity  of  heitt  necessary 
to  change  the  temperature  from  30.1°  (the  temperature  of  majtimum  density)  to 
40.1°.  Others  use  tlie  ranges  -■i'2°  to  33°,  59»  to  60°,  or  SO"  to  40°.  The  range  first 
given  is  that  most  recently  adopted. 

23.  French  Dnits.  The  French  or  C.  G.  S.  unit  of  heat  is  the 
calorie,  tlie  amount  of  heat  necessary  to  raise  the  temperature  of  one 
kilogram  of  water  1"  C.  Its  value  is  J.2046  x  J  =  3.96832  B.  t.  u.,  and 
1  B.  t.  u,  =  0.261996  cal.  The  oalorio  is  variously  measured  from  4°  to 
B"  and  from  14,5"  to  15.5°  ('.  The  gram-calorie  is  the  heat  required  to 
raise  the  temperature  of  one  gram  of  water  1°  C.  The  Centigrade  heat 
unit  measures  the  heat  necessary  to  raise  one  pound  of  wator  1"  C,  in 
temperature, 

24.  Specific  Heat.     Reference  was  made  in  Art.  20  to  the  different  heat 

capacities  of  different  substances,  e.g.  water  and  linseed  oil.  If  we  mix 
a  staled  quantity  of  water  at  a  fixed  temperature  successively  with  equal 
weights  of  various  materials,  all  initially  at  the  same  temperature,  the 
final  temperatures  of  the  mixtures  will  all  differ,  indicating  that  a  unit 

•  There  are  certain  Rrounds  tor  preferriiij;  Hint  tletliihion  which  makes  the  B.t,u. 
the  [)g  part  of  the  amount  of  heat  ru<|Ulre<l  to  raise  the  temperature  of  one  pound  of 
water  at  atmospheric  pressure  from  the  fmezing  point  to  the  boiling  point 
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rise  of  temperature  of  unit  weight  of  these  various  materials  represents  a 
different  expenditure  of  heat  in  each  case. 

The  property  by. virtue  of  which  materials  differ  in  this  respect  is 
that  of  specific  heat,  which  may  be  defined  as  the  quantity  of  heat 
necessary  to  raise  the  temperature  of  unit  weight  of  a  body  through  one 
degree. 

The  specific  heat  of  water  at  standard  temperature  (Art.  22)  is,  meas- 
ured in  B.  t.  u.,  1.0 ;  generally  speaking,  its  value  is  slightly  variable,  as  is 
that  of  all  substances. 

Rankine's  definition  of  specific  heat  is  illustrative:  "the  specific  heat  of  any 
substance  is  the  ratio  of  the  weight  of  water  at  or  near  39.1^  F.  [62"-63°  F.]  which 
has  iU  temperature  altered  one  degree  by  the  transfer  of  a  given  quantity  of  heat, 
to  the  weight  of  the-other  substance  under  consideration,  which  has  its  temperature 
altered  one  degree  by  the  transfer  of  an  equal  quantity  of  heat." 

25.  Mixtures  of  Different  Bodies.  If  the  weights  of  a  group  of 
mixed  bodies  l)e  X,  1",  Z,  etc.,  their  specific  heats  x,  y,  z,  etc.,  their  ini- 
tial temperatures  ty  w,  v,  etc.,  and  the  final  temperature  of  the  mixture 
be  m,  then  we  have  the  following  as  a  general  equation  of  thermal  equi- 
librium, in  which  any  quantity  may  be  solved  for  as  an  unknown : 

xX(t  —  in)-\-y  Y{u  —  m)  -\-  zZ(v  —  m)  •  •  •  =0. 

This  illustrates  the  usual  method  of  ascertaining  the  specific  heat  of  any 
body.  When  all  the  specific  heats  are  known,  the  loss  of  heat  to  sur- 
rounding bodies  may  be  ascertained  by  introducing  the  additional  term, 
+  /?,  on  the  left-hand  side  of  this  equation.  The  solution  will  usually 
give  a  negative  value  for  B,  indicating  that  surrounding  bodies  have 
absorbed  rather  than  contributed  heat.  The  value  of  R  will  of  course  be 
expressed  in  heat  units. 

26.  Specific  Heat  of  Water.  The  specific  heat  of  water,  according 
to  Rowland's  experiments,  decreases  as  the  temperature  is  increased 
from  39.1®  to  SO^'F.,  at  which  latter  temperature  it  reaches  a  minimum 
value,  afterward  increasing  (Art.  359,  footnote).  The  variation  in  its 
value  is  very  small.  The  approximate  specific  heat,  1.0,  is  high  as  com- 
pared with  that  of  almost  all  other  substances. 

27.  Problems  Involving  Specific  Heat.  The  quantity  of  heat  re- 
quired to  produce  a  given  change  of  temperature  in  a  body  is  equal 
to  the  weight  of  the  body,  multiplied  by  the  range  of  temperature 
and  by  the  specific  heat. 

Or,  Byrobolically,  using  the  notation  of  Art.  25, 

H  =  j:A'(m  -  0- 
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If  the  bodj  is  cooled,  then  m,  the  final  temperature,  u  lesi  tbftn  t,  and  the  sign  ol 
fl  is  —  ;  if  the  body  iB  wanned,  the  sign  of  //is  + ,  indioftting  a  reception  of  heat. 

SB.  Consequences  of  the  Mechanical  Theory.  The  Hechanical  Equivalent 
of  Heat  Even  before  Joule's  formulation  (Art.  2),  Euinford'a  es- 
perimenta  lia<^l  suftired  for  a  comparison  of  certa,in  effects  of  lieat 
with  an  expenditure  of  mecliaiiicai  energy.  The  power  exerted  by  the 
Bavarian  horses  used  to  dfive  his  machiutiry  is  uncertain;  but  Alexander 
has  computed  the  approximate  relation  to  have  been  847  foot-pounds  = 
1  B,  t.  u.  (1),  while  another  writer  fixes  the  ratio  at  1034,  and  Joule  cal- 
culated the  value  obtained  to  have  been  849, 

Camot's  work,  altLongli  based  throughout  on  the  caloric  theory,  shows  evident 
doubts  as  to  its  validity.  This  writer  suggested  (1824)  a  repetition  of  Rumford'a 
experiments,  with  provision  for  accurately  measuring  the  force  employed.  Using 
8,  method  later  employed  by  Mayer  (Art.  29)  he  calculaled  that  "O.ftll  units 
of  motive  power"  were  equivalent  to  "550  units  of  heat";  a  relation  which 
l^dall  computes  as  representing  370  kilogram- meters  per  calorie,  or  878  foot- 
pounds per  B.  t.  u.  Montgol&er  and  Seguin  (183i>)  may  possibly  have  auticipalfld 
Mayer's  analysis. 

29.  Hayer's  Calculation.  This  obscure  German  physician  published  in  1S42 
(3)  his  ealeulation  oE  the  mechanical  equivalent  of  heat,  baaed  on  the  differeiiee 
in  the  specitlc  heats  of  air  at  constant  pressure  and  constant  volume,  giviiig 
the  ratio  771.4  foot-pounds  per  B,  t.  u.  (Art.  72).  This  was  a  substantially  correct 
result,  though  given  little  consideration  at  the  time,  Mayer  had  previously  mwle 
rough  calculations  of  equivalence,  one  being  based  on  the  rise  of  temperature 
occurring  in  the  "beaters"  of  a  paper  mill. 

30.  Joule's  Detetmination.  Joule,  in  1843,  presented  the  iirst  of  his 
exhaustive  papers  on  the  subject.  The  usual  form  of  apparatus  employed 
has  been  shown  in  Fig.  1.  In  the  api>endix  to  his  paper  Joule  gave  770  as 
the  best  value  deducible  from  his  experiments.  In  1849  (3)  "he  presented 
the  figure  for  many  years  afterward  accepted  as  final,  viz.  772. 

In  1878  an  entirely  new  set  of  experiments  led  to  the  value  772.55,  which 
Joule  regarded  as  probably  slightly  too  low.  Experiments  in  1857  had  given  the 
values  745,  753,  and  788.  Most  of  the  teats  were  made  with  water  at  about  eO"  F. 
This,  with  the  value  of  g  at  Manchester,  where  the  experiments  were  made,  in- 
volves slight  corrections  to  reduce  tlio  results  to  standard  conditions  (4). 

31.  Other  Investigators,  Of  independent,  though  uncertain,  merit,  were  the 
results  deduced  by  tlie  Danish  engineer,  Colding,  in  184.1  His  value  of  the 
equivalent  is  given  by  Tyndall  ss  1138  (.">),  Helmholtz  (1847)  treated  the  matter 
of  equivalence  from  a  speculative  staniljwiiil.  Assuming  that  "perpetual  motion" 
is  iinposBiWe.  he  contended  that  llipri>  tiiiihI  Ihj  a  detinile  relation  between  heat 
energy  and  mechanical  energy.     As  early  as  1845,  Holtzmann  (0)  had  apparently 
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independently  calculated  the  equivalence  by  Mayer's  method.  By  1847  the  reality 
of  the  numerical  relation  had  been  so  thoroughly  established  that  little  more  was 
heard  of  the  caloric  theory.  Clausius,  following  Mayer,  in  1850  obtained  wide 
circulation  for  the  value  758  (7). 

32.  Him's  InvestigatioiL  Joule  had  employed  mechanical  agencies  in  the 
heating  of  water.  Him,  in  1865  (8),  described  an  experiment  by  which  he  trans- 
formed into  heat  the  work  expended  in  producing  the  impact  of  solid  bodies. 
Two  blocks,  one  of  iron,  the  other  of  wood,  faced  with  iron  in  contact  with  a  lead 
cylinder,  were  suspended  side  by  side  as  pendulums.  The  iron  block  was  allowed 
to  strike  against  the  wood  block  and  the  rise  in  temperatui^  of  water  contained  in 
the  lead  cylinder  was  noted  and  compared  with  the  computed  energy  of  impact. 
The  value  obtained  for  the  equivalent  was  775. 

Far  more  conclusive,  though  less  accurate,  results  were  obtained 
by  Hirn  by  noting  that  the  heat  in  the  exhaust  steam  from  an  engine 
cylinder  was  less  than  that  which  was  present  in  the  entering  steam. 
It  was  shown  by  Clausius  that  the  heat  which  had  disappeared  was 
always  roughly  proportional  to  the  work  done  by  the  engine,  the 
average  ratio  of  foot-pounds  to  heat  units  being  753  to  1.  This  was 
virtually  a  reversal  of  Joule's  experiment,  illustrating  as  it  did  the 
conversion  of  heat  into  work.  It  is  the  most  striking  proof  we  have 
of  the  equivalence  of  work  and  heat. 

33.  Recent  Practice.  In  1876  a  committee  of  the  British  Association  for  the 
Advancement  of  Science  reviewed  critically  the  work  of  Joule,  and  as  a  mean 
value,  derived  from  his  best  60  experiments,  recommended  the  use  of  the  figure 
774.1,  which  was  computed  to  be  correct  within  j^.  In  1879,  Rowland,  having 
conducted  exact  experiments  on  the  specific  heat  of  water,  carefully  redetermined 
the  value  of  the  equivalent  by  driving  a  paddle  wheel  about  a  vertical  axis  at 
fixed  speed,  in  a  vessel  of  water  prevented  from  turning  by  counterbalance  weights. 
The  torque  exerted  by  the  paddle  was  measured.  This  permitted  of  a  calculation 
of  the  energy  expended,  which  was  compared  with  the  rise  in  temperature  of  the 
water.  Rowland's  value  was  778,  with  water  at  its  maximum  density.  This 
was  regarded  &&  possibly  slightly  low  (9).  Since  the  date  of  Rowland's  work,  the 
subject  has  been  investigated  by  Griffiths  (10),  who  makes  the  vahie  somewhat 
greater  than  778,  and  by  Reynolds  and  Moorby  (11),  who  report  the  ratio  778  as 
the  mean  obtained  for  a  range  of  temperature  from  32°  to  212°  F.  This  they 
regard  as  possibly  1  or  2  foot-pounds  too  low. 

34.  Summary.  The  establishing  of  a  definite  mechanical  equivalent  of 
heat  may  be  regarded  as  the  foundation  stone  of  thermodynamics.  Accord- 
ing to  Merz  (12),  the  anticipation  of  such  an  equivalent  is  due  to  Poncelet 
and  Carnot ;  Rumford's  name  might  be  added.  **  The  first  philosophical 
generalizations  were  given  by  Mohr  and  Mayer;  the  first  mathematical 
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treatment  by  Helmholtz;  the  first  satisfactory  experimental  verification 
by  Joule."  The  construction  of  the  modern  science  on  this  foundation 
has  been  the  work  chiefly  of  Rankine,  Clausius,  and  Kelvin. 

35.  First  Law  of  Thermodynamics.  Heat  and  mechanical  energy 
are  mutually  convertible  in  the  ratio  of  778  foot-pounds  to  the  British 
thermal  unit. 

This  is  a  restricted  statement  of  the  general  principle  of  the  conservation  of 
energy,  a  principle  which  is  itself  probably  not  susceptible  to  proof. 
We  have  four  distinct  proofs  of  the  first  law  : 

(a)  Joule's  and  Rowland's  experiments  on  the  production  of 
heat  by  mechanical  work. 

(6)  Hirn's  observations  on  the  production  of  work  by  the  ex- 
penditure of  heat. 

(e?)  The  computations  of  Mayer  and  others,  from  general  data. 

((?)  The  fact  that  the  law  enables  us  to  predict  thermal  proper- 
ties of  substances  which  experiments  confirm. 

36.  Wormeirs  Theorem.  There  cannot  l)e  two  values  of  the  mechanical 
equivalent  of  heat.  Consider  two  machines,  A  and  H,  in  the  first  of  which  work 
is  transformed  into  heat,  and  in  the  second  of  which  heat  is  transformed  into 
work.  Let  J  be  the  mechanical  equivalent  of  heat  for  yl,  W  the  amount  of  work 
which  it  consumes  in  producing  the  heat  Q\  then  W  =  JQ  or  Q  =  W  -^  J,  \jet 
this  heat  Q  be  used  to  drive  the  machine  7J,  in  which  the  mechanical  equivalent 
of  heat  is,  say  A'.  Then  the  work  done  by  B  is  V  =  A' (2  =  A' IK  -^  /.  Let  this 
work  be  now  expended  in  driving  A,  It  will  produce  heat  /?,  such  that  JR  =  V 
or  R~  V  -i-J*    If  this  heat  R  be  used  in  J5,  work  will  be  done  equal  to  KR ;  but 

KR  =  KV-^J  =  (-\Y  W. 


*  ^  ■  (?) 


Similarly,  after  n  complete  periods  of  operation,  all  parts  of  the  machines  occupy- 
ing the  same  positions  as  at  the  beginning,  the  work  ultimately  done  by  B  will  be 


(f  )•  ■"■ 


It  K  IB  less  than  /,  this  exj^ression  w  ill  decrease  as  n  increases ;  t.e,  the  system 
will  tend  continually  to  a  state  of  rest,  contrary  to  the  first  law  of  motion.  If  K 
be  greater  than  /,  then  as  n  increases  the  work  constantly  increases,  involving  the 
assumed  fallacy  of  perj^etual  motion.     Hence  A'  and  /  nmst  be  equal  (13). 

37.  Significance  of  the  Mechanical  Equivalent.  A  very  little  heat  is  seen  to  be 
equivalent  to  a  great  deal  of  work.     The  heat  used  in  raising  the  temperature  of 

*  The  demonstration  assumes  that  the  value  of  the  niechaniual  equivalent  is  con- 
stant for  a  given  machine. 
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one  pound  of  water  100^  represents  energy  sufficient  to  lift  one  ton  of  water  nearly 
39  feet.  The  heat  employed  to  boil  one  pound  of  water  initially  at  32^  F.  would 
suffice  to  lift  one  ton  443  feet.  The  heat  evolved  in  the  combustion  of  one  pound  of 
hydrogen  (62,000  B.  t.  u.)  would  lift  one  ton  nearly  five  miles. 

(1)  TVeatise  on  Thermodynatnies,  London,  1802.  (2)  Wdhler  and  Liebig's 
Annalen  der  Pharmarie :  Bemerkungen  Uber  die  Krdfte  der  unbelebUn  Natur,  May, 
1M2.  (8)  Phil.  Trans.,  ISoO.  (4)  Joule's  Scietu{/ic  Papers^  Physical  Society  of 
London,  1884.  (5)  l*rubably  quoted  by  Tyndall  from  a  later  article  by  Colding,  in 
which  this  figure  is  given.     Colding's  original  paper  does  not  seem  to  be  accessible. 

(6)  Ueher  die   Wdrme    und   Elasticitdt  der   Gase   und  Dampfe,   Mannheim,   1845. 

(7)  Poggendorff,  ^nn<i/«»,  I860.  (8)  Thiorie  MScanique,  etc.,  Paris,  1865.  (9)  Proe. 
Amer.  Acad,  Arts  and  Sciencts,  New  Series,  VII,  1878-79.  (10)  P^i7.  Trans.  Boy. 
Soc.,  1898.  (11)  Phil.  Trans.,  1897.  (12)  History  of  European  Thought,  II,  187. 
(13)  R.  Wormell :  Thermodynamics,  1886. 


SYNOPSIS  OF  CHAPTER  11 

Heat  and  temperature :  heat  quantity  vs.  heat  intensity. 

Principles:  (a)  heat  movement  proportional  to  weight  of  substance ;  (5)  temperature 
range  does  not  accurately  measure  heat  movement ;  (c)  loss  during  cooling  equals 
gain  during  warming,  for  id<*i)tical  ranges. 

The  British  thermal  unit:  other  units  of  heat  quantity. 

Specific  heat :  mixtures  of  iHHlies ;  quantity  of  heat  to  produce  a  given  change  of  tem- 
perature ;  specific  heat  of  water. 

The  mechanical  equivalent  of  heat :  early  approximations.  First  law  of  thermody- 
namics :  proofs ;  ouly  one  value  possible ;  examples  of  the  motive  power  of  heat. 


PROBLEMS 

1.  How  many  Centigrade  heat  units  are  equivalent  to  one  calorie?  (Ans., 
2.2046.) 

2.  Find  the  number  of  gram-calories  in  one  B.  t.  u.     (Ans.,  252.) 

3.  A  mixture  is  made  of  5  lb.  of  water  at  200*",  3  lb.  of  linseed  oil  at  llO"*,  and 
22  lb.  of  iron  at  220®  (all  Fahrenheit  temperatures),  the  respective  specific  heats 
being  1.0,  0.3,  and  0.12.  Find  the  final  temperature,  if  no  loss  occurs  by  radiation. 
{Ans.,  196.7*  F.) 

4.  If  the  final  temperature  of  the  mixture  in  Problem  3  is  189®  F.,  find  the  num- 
ber of  heat  units  lost  by  radiation.     (Ans.,  65.7  B.  t.  u.) 

5.  Under  what  conditions,  with  the  weights,  temperatures  and  specific  heats  of 
Problem  3,  might  the  final  temperature  exceed  that  computed? 

6.  How  much  heat  is  given  out  by  7}  lb.  of  linseed  oil  in  cooling  from  400®  F.  to 
82«  F.?     (Ans.,  828  B.  t.  u.) 

7.  In  a  heat  engine  test,  each  pound  of  steam  leaves  the  engine  containing  125.2 
B.t.u.  less  heat  than  when  it  entered  the  cylinder.  The  engine  develops  155  horse- 
power, and  consumes  3160  lb.  of  steam  per  hour.  Compute  the  value  of  the  mechani- 
cal equivalent  of  heat.    (Ans.,  775.7.) 
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8.  A  pound  of  good  coal  will  evolve  14,000  B.  t.  u.  Assuming  a  train  resistance 
of  1 1  lb.  per  ton  of  train  load,  how  far  should  one  ton  (2000  lb.)  of  coal  burned  in  the 
locomotive  without  loss,  propel  a  train  weighing  2000  tons?  If  the  locomotive  weighs 
125  tons,  how  high  would  one  pound  of  coal  lift  it  if  fully  utilized? 

{Ana,,  a,  187.2  miles;  6,  43.5  ft.) 

9,  Find  the  number  of  kilogram-meters  equivalent  to  one  calorie.  (1  meter = 39.37 
in.,  1  kilogram =2.2046  lb.)     {Am.,  426.8.) 

10.  Transform  the  following  formula  (P  being  the  pressure  in  kilograms  per  square 
meter,  V  the  volume  in  cubi(!  metere  per  kilogram,  T  the  Centigrade  temperature 
plus  273),  to  English  units,  letting  the  pressure  be  in  pounds  per  square  inch,  the 
volume  in  cubic  feet  per  pound,  and  the  temperature  that  on  the  Fahrenlieit  scale 
plus  459.4,  and  eliminating  coefficients  in  places  where  they  do  not  appear  in  the 
original  equation : 

PF=47.1  r-P(l+0.000002  F)r 0.031  (^^  '-0.0052 1. 

I  Am,,  Pr=0.5962  r-P(l+0.0014P)  /l^?!^?!???- 0.0833)  \ 

11.  There  are  mixed  5^  lb.  of  water  at  204**,  3  J  lb.  of  linseed  oil  at  105®  and  21  lb. 
of  a  third  substance  at  221".  The  final  temperature  is  195"  and  the  radiation  loss  is 
known  to  be  8.8  B.  t.  u.     What  is  the  specific  heat  of  the  third  substance? 


CHAPTER  in 

LAWS  OF  GASES :   ABSOLUTE  TE^VIPERATURE :  THE  PERFECT  GAS 

38.  Boyle's  (or  Mariotte's)  Law.  The  simplest  thermodynamic 
relations  are  those  exemplified  by  the  so-called  permanent  gases. 
Boyle  (Oxford,  1662)  and  Mariotte  (1676-1679)  separately  enun- 
ciated the  principle  that  at  constant  temperature  the  volumes  of  gases 
are  inversely  proportional  to  their  pressures.  In  other  words,  the 
product  of  the  specific  volume  and  the  pressure  of  a  gas  at  a  given 
temperature  is  a  constant.  For  air,  which  at  32°  F.  has  a  volume 
of  12.387  cubic  feet  per  pound  when  at  normal  atmospheric  pressure, 
the  value  of  the  constant  is^,  for  this  temperature^ 

144  X  14.7  X  12.387  =  26,221. 

Symbolically,  if  c  denotes  the  constant  for  any  given  tempera- 
ture, 

pv  =PV  or,  pv  =  c. 

Figure  2  represents  Boyle's  law  graphically,  the  ordinates  being  pres- 
sures per  square  foot,  and  the  abscissas,  volumes  in  cubic  feet  per  pound. 
The  curves  are  a  series  of  equilateral  hyperbolas,*  plotted  from  the  second 
of  the  equations  just  given,  with  various  values  of  c. 

39.  Deviations  from  Boyle*s  Law.     This  experimentally  determined  principle 
was  at  first  thought  to  apply  rigorously  to  all  true  gases.     It  is  now  known  to  be 
not  strictly  correct  for  any  of  them,  although  very  nearly  so  for  air,  hydrogen, 
nitrogen,  oxygen,  and  some  others.     All  gases  may  be  liquefied,  and  all  liquids 
may  be  gasified.    When  far  from  the  point  of  liquefaction,  gases  conform  with 
Boyle's  law.     When  brought  near  the  liquefying  point  by  the  combined  influences 
of  high  pressure  and  low  temperature,  they  depart  widely  from  it.     The  four  gases 
just  mentioned  ordinarily  occur  at  far  higher  temperatures  than  those  at  which  they 
will  liquefy.    Steam,  carbon  dioxide,  ammonia  vapor,  and  some  other  well-known 
gaseous  substances  which  may  easily  be  liquefied  do  not  confirm  the  law  even 
approximately.    Conformity  with  Boyle's  law  may  be  regarded  as  a  measure  of 
the  "perfectness''  of  a  gas,  or  of  its  approximation  to  the  truly  gaseous  condition. 

*  Referred  to  their  common  asymptotes  as  axes  of  P  and  V. 
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^^r                                                               FiQ.  3.     Aria.  38,Bl.-Boylu'»Uw. 

^B                    40.   Dalton's  Law,  ATOg«dro'«  Principle.     Dalton   liM   been  credited  (though 

^H            or  Charles  (Art.  41).     What  is  properly  kiiown  »s  Ualton'.i   l»n-   may  be   thus 
^^M            EUted  :  A  mixture  of  gases  having  no  chemical  action  on  one  another  exerts  a  pres- 
^H          sure  which  ia  the  aum  of  the  prepares  which  would  be  exerted  by  the  component 
^^H          gases  separately  if  each  in  tom  occapied  the  containing  vessel  alone  at  the  given 
^^B           temperatare. 

^^H                The  rtitio  of  volumes,  at  standard  temjierature  and  pressure,  in  which  two 
^^H           guses  combine   cheiiiically   is   always   a  simple  rational  fraction   (J,  f  },  etc.). 
^^H            Taken  in  conjunction   with  the  inolecular  theory  of  chemical  combination,  this 
^^M           law  leads  to  the  principle  af  A  coguelra  that  all  gas«s  contain  the  same  number  oJ 
^^^          molecoles  per  unit  of  volume,  at  the  same  temperature  and  pressure.     Dalton's 
^^H           law  has  important  thermodynamic  relations  (sec  Arta.  52  b,  3S2  h). 

^H                41.    Lawof  Gay-LusMC  or  of  Charles  (1).     Davy  had  announced  that  the 
^^1           coeitident  of  expansion  of  air  wa.s  independent  of  the  pressure.     Gay-Lus- 
^H           sac  verified  this  by  the  apparatus  ahown  in  Fig.  3.     He  employed  a  glass 
^H          tube  with  a  large  reaetvoir  A,  coEtainiag  the  air,  which  had  been  previously 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

^^^B 
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dried.  An  index  of  mercury  mn  separated  the  air  from  the  external  atmos« 
phere,  while  permitting  it  to  expand.  The  vessel  B  was  first  filled  with 
melting  ice.  Upon  applying  heat,  equal  in- 
tervals of  temperature  shown  on  the  ther- 
mometer C  were  found  to  correspond  with 
equal  displacements  of  the  index  mn,  AVhen 
a  pressure  was  applied  on  the  atmospheric 
side  of  the  index,  the  proportionate  expansion 
of  the  air  was  shown  to  be  still  constant  for 
equal  intervals  of  temi)erature,  and  to  be  equal 
to  that  observed  under  atmospheric  pressure. 
Precisely  the  same  results  were  obtained  with  Fi«- 3-  Arts. 41,48.— Verifica- 
other  gases.     The  expansion  of  dry  air  was  tioo  of  Charles' Law. 

found  to  be  0.00375,  or  ^iy  of  the  volume  at  the  freezing  point,  for  each 
degree  C.  of  rise  of  temperature.  The  law  thus  established  may  be 
expressed : 

For  all  gases,  and  at  any  pressure,  maintamed  constant,  equal  increments  of 
yolame  accompany  equal  increments  of  temperature. 

42.  Increase  of  Pressure  at  Constant  Volume.  A  second  statement 
of  this  law  is  that  all  gases,  when  maintained  at  constant  volume, 

undergo  equal  increases  of 
pressure  with  equal  increases 
of  temperature. 

This  is   shown  experimen- 
tally by  the  apparatus  of  Fig.  4. 
The  glass  bulb  A  contains  the 
gas.     It  communicates  with  the 
open     tube     manometer     Mm, 
which  measures  the   pressure 
P  is  a  tube  containing  mercury, 
in  which  an  iron  rod  is  submerged  to  a  sufficient  depth  to  keep  the  level 
of  the  mercury  in  m  at  the  marked  point  a,  thus  maintaining  a  constant 
volume  of  gas. 

43.  Regnault's  Experiments.  The  constant  0.00375  obtained  by  Gay- 
Lussac  was  pointed  out  by  Rudberg  to  be  probably  slightly  inaccurate. 
Regnanlt,  by  employing  four  distinct  methods,  one  of  which  was  sub- 
stantially that  just  described,  determined  accurately  the  coefficient  of 
increase  of  pressure,  and  finally  the  coefficient  of  expansion  at  constant 
pressure,  which  for  dry  air  was  found  to  be  0.003665,  or  ^nj-y,  per  degree 
C.|  of  the  volume  at  the  freezing  point. 


Fio.  4.     Arts.  42,  48.  —  CoeflScient  of  Pressure. 
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44.    Graphical  Representation.     In  Fig.  5,  let  ab  represent  the 
volume  of  a  pound  of  gas  at  32°  F.     Let  temperatures  and  volumes 

be   represented,   respectively,  by  ordinates   and 

/•    abscissas.      According  to  Charles'  Law,   if   the 

/         pressure  be  constant,  the  volumes  and  tempera- 

— s^Ie — / V     tures  will  increase  proportionately  ;   the  volume 


/  ah  increasing  ^\^  for  each   degree  C.  that  the 

/  temperature  is  increased^  and  vice   versa.     The 

straight  line  cbe  then  represents  the  successive 

relations  of  volume  and  temperature  as  the  gas 

Fio.  5.   Arts.  44,  84.—    is  heated  or  cooled  from  the  temperature  at  b. 

Charles'  Law.  ^^  ^.j^^  point  <?,  where  this  line  meets  the  a  7  axis, 

the  volume  of  the  gas  will  be  zero,  and  its  temperature  will  be  273°  C, 

or  401.4°  F.,  heloiv  the  freezing  point. 

45.  Absolute  Zero.  This  temperature  of  —  459.4°  F.  suggests 
the  absolute  zero  of  thermodynamics.  All  gases  would  liquefy  or 
even  solidify  before  reaching  it.  The  lowest  temperature  as  yet 
attained  is  about  450°  F.  below  zero.  The  absolute  zero  thus  experi- 
mentally conceived  (a  more  strictly  absolute  scale  is  discussed  later, 
Art.  15G)  furnishes  a  convenient  starting  point  for  the  measii^- 
ment  of  temperature,  which  will  be  employed,  unless  otherwise  spwi- 
tied,  in  our  remaining  discussion.  Absolute  temperatures  are  those 
in  which  the  zero  point  is  the  absolute  zero.  Their  numerical  values 
are  to  be  taken.,  for  the  present.,  at  459.4°  greater  than  those  of  the  cor- 
responding Fahrenheit  temperature. 

46.  Symbolical  Representation.  Tlie  coefficients  determined  by  Gay-Lussac, 
Cliarles,  and  Regnault  were  those  for  expansion  from  an  initial  volume  of  32**  F. 
If  we  take  the  volume  at  tliis  teinj^erature  as  unity,  then  letting  T  represent  the 
absolute  temperature,  we  have,  for  the  volume  afauy  temperature,  Tf 

V=  r- 491.4. 

Simihirly,  for  the  variation  in  pressure  at  constant  volume,  the  initial  pressure 
being  unity,  P  —T  ^  41)1.4.  If  we  let  a  denote  the  value  1  -^491.4,  the  first 
expression  becomes  V  =  aT,  and  the  second,  P  =  aT.  Denoting  temperatures  on 
the  Fahrenheit  scale  by  /,  we  obtain,  for  an  initial  volume  i?  at  32"  and  any  other 
volume  F corresponding  to  the  temjHjrature  /,  produced  without  change  of  pressure, 

F=r[l  +fl(;-32)]. 

Similarly,  for  variations  in  pressure  at  constant  volume, 

P=i»[l  +  a(<-32)]. 
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The  T&lae  of  a  is  experimentally  determined  to  be  very  nearly  the  same  for  pres- 
sure changes  as  for  vulnme  cliaiigeii ;  ttie  dttferencc  in  the  cn^  of  air  1>eiiig  less 
than  f  of  one  per  cent.  The  temperature  inleival  belweun  the  nielting  of  ice  and 
tbe  boiliDg  of  wat«r  being  180°,  the  expansion  of  volujiie  of  n  gas  between  those 
limit*  is  —  =  0.365,  whence  Rankine'D  equation,  originally  derived  from  the 

eKperimenls  of  Regnault  and  Rudberg, 


n  which  P,  V  refer  to  the  hig 


i-I-  =  1.365, 

pe 

■T  temperature,  and  p,  r  to  the  lower. 


47.  Deriationt  from  Charles'  Law.  The  laws  thii 
not  to  hold  rigidly  for  any  nclual  gases.  For  hjdi 
carlion  mouuiide,  metliaiie,  nitric  oxide,  and  a  few 
ordinarily  very  slight.     For  carbon  dioxide,  stenin,  :ii 


nounced.  The  reason  for  this  is  that  stated 
have  expansive  coefficients,  not  only  almost  unvaiying.  but  almost 
They  may  be  regarded  as  our  most  nearly  jierfect  giises.  F 
Regnault  found  over  a  range  of  temperature  of  180°  F  and 
of  from  109.72  mm  to4Q9'09mm  an  extreme  vii  i  ition  in  t1 
coeSicients  of  only  1  07  per  cent.     For  urhon  dioxide   on  ll 


unciated  are  now  l^novrn 
1.  nitrogen,  oxygen,  air, 

ers,  the  disagreement  is 
quite  pro- 


.3!t.    The  first  four  gases  named 
;tly  identical. 


other  hand,  with  the 
creased  pressure  range 
of  from  78 J  47  mm 
tP  4750.03  mm  the 
variation  was  4  73 
per  cent  of  tbe  lower 
value  (2). 


i  Tinge  of  teniptr-iturts 


<: 


48.  The  Air  Thermometsr  Thi.  lau  of  (  harles  sn^ 
gents  a  form  of  theruioiiK  tt  r  far  more  aituralp  than  tin 
ordinary  mercurial  instrument. 
If  we  allow  air  to  expand  with- 
out change  in  pressure,  or  to 
im'rease  ita  pressure  without 
change  in  vohmip,  then  we  have 
by  measurement  of  the  volume 
or  o£  the  pressure  respectively  a 
direct  indication  of  alisolute  tem- 
perature. The  apparatus  used 
by  Gay-Lnssac  (Fig.  3),  or, 
n  Fig.  4,  is  in  fact  an  air  ther- 
mometer, requiring  only  the  establishment  of  a  scale  to  fit  it  for  practical 
use.    A  simple  modem  form  of  air  tbermonteter  is  shown  in  Fig.  6.    The 


equally,  that  shown  i 


Flo.  7.    Art.  48.- 


Ttieriuometer. 
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bulb  A  contains  dry  air,  and  coninuinicateB  through  a  tube 
uf  Urn-,  boi-e  with  the  short  arm  of  ihu  ni-iiionieter  BB,  by 
means  of  whinli  the  pressure  is  measured.  The  level  of  the 
iiiernury  is  kept  noiistatit  at  a  by  means  of  the  movable 
reservoir  li  atid  flexible  tube  m.  The  Preston  air  ther- 
mometer is  shown  in  Fig.  7,  The  air  is  kept  at  constant 
volume  (at  the  mark  a)  by  admitting  mercury  from  the 
bottle  ^1  through  the  cock  B.  In  the  Hoadley  air  ther- 
mometer. Fig.  8,  no  attempt  is  made  to  keep  the  volume 
of  air  constant;  exjwnsion  into  the  small  tube  lielow  the 
bulb  increasing  the  volume  so  slightly  that  the  error  is  com- 
puted not  to  exceed  5°  in  a  rangu  of  (500°  (3). 

49.  Remarks  on  Air  Thermometers.  Following  Regnaiilt, 
tlie  instrument  ia  usually  cmislructfil  to  measure  pressures  at 
conataiit.  volume,  using  either  nitrogen,  hydrogen,  or  air  as  a 
medium.  Only  one  "fixed  point"  need  be  marked,  that  of  the 
temperature  of  melting  tue.  lluviiig  marked  at  33°  the  atmos- 
jilierio  iirewure  registered  at  this  temperature,  the  degrees  tire 
spaced  so  that  one  of  them  deuoteH  an  augmentation  of  pressure 
of  H.7  1-  jDl.'l  =  0.03»S  !h.  per  square  inch.  It  is  usuully  more 
convenient,  however,  to  determine  the  two  fixed  points  as  usual 
aud  subdivide  the  intervening  distance  into  180  equivl  degrees. 
The  air  thermometer  readings  differ  to  some  extent  from  those  of 
the  most  accurate  mercurial  instruments,  principally  liecause  of 
the  fact  that  mercury  expands  mueh  less  than  any  gas,  and  the 
modifying  effect  of  the  expansion  of  tbe  glass  container  in  there- 
fore greater  in  its  case.  The  air  thermometer  is  itself  not  a 
perfectly  accurate  inslrumeut,  since  air  does  not  r.xarllxi  follow 
Charles'  law  {Art  47).  The  instrument  is  used  for  standurdixing 
raercnry  thermouieters,  for  direct  measuremenla  of  temperatures 
below  the  melting  point  of  glass  (000-800^  F.).  as  in  Regnaulfa 
experiments  on  vnixirs;  or,  by  using  porcelain  bulbs,  for  niessur- 
ing  much  higher  temperatures. 

50.  The  Perfect  Gas.  If  actual  gases  conformed  pre- 
cisely to  the  laws  of  lioyle  and  Cliarles,  many  of  their 
thermal  properties  might  be  computed  directly.  The 
slightness  of  the  devialinus  wliich  actually  orcur  sug- 
gests tbe  niitinn  of  a  perfect  gas.  which  would  exactly 
and  invariably  follow  the  laws. 

PV=c,   Vp=aT,  Py  =  aT. 
Any  deductions  which  might  be  ma*le  from  these  sym- 
bolical expressions  would  of  course  be  ngorously  true  only 
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for  a  perfect  gas,  which  does  not  exist  in  nature.  The  current  thermo- 
dynamic method  iSy  however ^  to  investigate  the  properties  of  such  a  gas,  modi- 
fying the  results  obtained  so  as  to  make  them  applicable  to  actual  gases, 
rather  than  to  undertake  to  express  symbolically  or  graphically  as  a 
basis  for  computation  the  erratic  behavior  of  those  actual  gases.  The 
error  involved  in  assuming  air,  hydrogen,  and  other  "  permanent "  gases 
to  be  perfect  is  in  all  cases  too  small  to  be  of  importance  in  engineering 
applications.  Zeuner  (4)  has  developed  an  "  equation  of  condition "  or 
"characteristic  equation"  for  air  which  holds  even  for  those  extreme  con- 
ditions of  temperature  and  pressure  which  are  here  eliminated. 

51.  Properties  of  the  Perfect  Gas.  The  simplest  definition  is  that 
the  perfect  gas  is  one  which  exactly  follows  the  laws  of  Boyle  and 
Charles.  (Rankine's  definition  (5)  makes  conformity  to  Dalton's 
law  the  criterion  of  perfectness.)  Symbolically,  the  perfect  gas  con- 
forms to  the  law,  readily  deduced  from  Art.  50, 

in  which  iJ  is  a  constant  and  T  the  absolute  temperature.  Consid- 
ering air  as  perfect,  its  value  for  i2  may  be  obtained  from  experi- 
mental data  at  atmospheric  pressure  and  freezing  temperature  : 

E  =  PV-t-  T=  (14.7  X  144  x  12.387)  +  491.4  =  53.36  foot-pounds. 

For  other  gases  treated  as  perfect,  the  value  of  It  may  be  readily 
calculated  when  any  corresponding  specific  volumes,  pressures,  and 
temperatures  are  known.  Under  the  pressure  and  temperature  just 
assumed,  the  specific  volume  of  hydrogen  is  178.83  ;  of  nitrogen, 
12.75;  of  oxygen,  11.20.  A  useful  form  of  the  perfect  gas  equation 
may  be  derived  from  that  just  given  by  noting  that  PV-i-  T=  iJ,  a 
constant :  PV     pv 

"t""  t' 

52.  Significance  of  /?.  At  the  standard  pressure  and  temperature 
specified  in  Art.  51,  the  values  of  R  for  various  gases  are  obviously 
proportional  to  their  specific  volumes  or  inversely  proportional  to  their 
densities.     This  leads  to  the  form  of  the  characteristic  equation  some- 

♦  At  the  temperature  tj,  let  the  pressure  and  volume  be  pi,  Uj.  If  the  gas  were 
to  expand  at  constant  temperature,  it  would  conform  to  Boyle's  law,  PiOi^c,  or 

~— '  =  Ci.     Let  the  pressure  be  raised  to  any  condition  p,  while  the  volume  remains  Uj, 

the  temperature  now  becoming  <,.     Then  by   Charles*  law,  —  =-?,  p^—px  — ,  pjV, 

Pi      tx  fj 

U 
"=P»'i=Pi*i  T  =^i^»  where  Ci  is  a  constant  to  which  we  give  the  symbol  R, 
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times  given,  FV  =  rT -i-  M,  in  which  M  is  the  molecular  weight  and  r 
a  constant  having  the  same  value  for  all  sensibly  perfect  gases. 

TABLE  :  PROPERTIES  OF  THE  COMMON  GASES 


Hydrogen 

Nitrogen 

Oxygen 

Carbon  dioxide .  . 

Alcohol 

Carbon  monoxide 

Ether 

Ammonia 

Sulphur  dioxide . . 

Chloroform 

Methane 

defiant  gas 

Air 

Steam 


Approximate 

Atomic 

Weight. 


1 
14 
16 


Molecular 
Weight. 


2 

28 
32 
44 
46 
28 
74 
17 
64 
119 
16 
14 

18 


Specific  Heat 

AT  Constant 

Pressure. 


3.4 

0.2438 

0.217 

0.215 

0.4534 

0.2438 

0.4797 

0.5 

0.15 

0.1567 

0.5929 

0.4040 

0.2375 

0.5 


Symbol. 


H 
N 
O 

CO, 
CHeO 

CO 
(CHOtO 
NHi 
SO, 
CHCl, 
CH4 
CH, 

H,0 


62a.  Principles  of  Balloons. — A  body  is  in  vertical  equilibrium  in  a 
fluid  medium  when  its  weight  is  equal  to  that  of  the  fluid  which  it  dis- 
places. In  a  balloon,  the  weight  supported  is  made  up  of  (a)  the  car, 
envelope  and  accessories,  and  (6)  the  gas  in  the  inflated  envelope.  The 
equation  of  equilibrium  is 

W^w+Vid-d'), 

where  Tr  =  weight  in  lbs.,  item  (a),  above; 

It?  =  weight  of  air  displaced  by  the  car,  framework,  etc.,  in  lbs.; 

y  =  volume  of  inflated  envelope,  cu.  ft.; 

d  =  density  of  surrounding  air,  lbs.  per  cu.  ft.; 

d'  =  density  of  gas  in  envelope,  lbs.  per  cu.  ft. 

The  term  w  is  ordinarily  negligible.  The  pressure  of  the  gas  in  the 
envelope  is  only  a  small  fraction  of  a  pound  above  that  of  the  atmos- 
phere. When  gas  is  vented  from  the  balloon,  the  latter  is  prevented 
from  collapsing  by  pumping  air  into  one  of  the  compartments  (ballonets), 
so  that  the  effect  of  venting  is,  practically  speaking,  to  decrease  the  size 
of  the  envelope. 

If  the  balloon  is  not  in  vertical  equilibrium,  then  W  —w  —  V{d—d') 
is  the  net  downward  force,  or  negatively  the  upward  pull  on  an  anchor 
rope  which  holds  the  balloon  down.    A  considerable  variation  in  the 
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conditions  of  equilibrium  arises  from  variations  in  the   value  of  d. 
Atmospheric  pressure  varies  with  the  altitude  about  as  follows: 

Altititde  Normal  Atmospheric 

in  Miles,  Pressure^  Lbs.  per  Sq.  In, 

0  H.7 

4  14.02 

I  13.33 

i  12.66 

1  12.02 
14  11.42 
IJ  10.88 

2  0.80 

62b.  Mixtures  of  Gases.  By  Dalton's  law  (Art.  40),  if  u*i,  u^,  wt  be  the  weights 
of  the  constituents  of  a  mixture  at  the  state  V  (volume  of  entire  mixture,  not  its 
specific  volume),  T,  P;  and  if  the  R  values  for  these  constituents  be  /?i,  Rty  Rt, 
then 

Pi—      P     I        P^~      y     f        7^"^      y     * 

T 

If  IF  be  the  weight  of  the  mixture  =  u?i  +  w'j+i''?,  then  the  equivalent  R  value 
for  the  mixture  is 

PV  _o_RiWi-\- RtWj + Riwt 
WT  W 

Then,  for  example, 

pi     VRiTwiRiWi 
P'RWTV     RW 

If  Pi,  Pj»  Pi  denote  the  actual  volumes  of  several  gases  at  the  conditions  P,  T; 
and  u?i,  tDtt  w^a>  their  weights,  then  Pvi  =  u\RiT,  Pvt'^ictRtT,  Pvt^wiRiT, 

PV^WRT       !:i=-^^^'^^-l=^^£l    etc 
'^y     »» /vi ,      y     WRTP     WR ' 

From  expressions  like  the  last  we  may  deal  with  computations  relating  to  mixed 
gases  where  the  composition  is  given  by  volume.     The  equivalent  molecular  weight 

of  the  mixture  is,  of  course,  —  (Art.  ,52). 

R 

Dalton's   law,  like  the  other  gjus  laws,  does  not  exactly  hold  with  any  actual 

gas:  but  for  ordinary  enginwTing  calculations  with  gases  or  even  with  superheated 

vapors  the  error  is  negligible. 

53.  Molecular  Condition.  The  perfect  ga-s  is  one  in  which  the  molecules  move 
with  perfect  freedom,  the  distances  b<'tween  them  being  so  great  in  cc)mf)arison 
with  their  diameters  that  no  mutually  attractive  forces  are  exertcnl.  No  [ler- 
formance  of  disgregation  work  accompanies  changes  of  pressure  or  tem[M*rature. 
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Hirsclifeld  (6).  in  fact,  defines  the  perfect  gns  a-?i  ft  Hubstance  existlQE  in  sncli  « 
phjaical  atate  that  its  constituent  particles  exert  no  interattraction.  The  coefficient 
of  expansion,  according  tu  Chai'les'  law,  would  he  the  exact  reciprocal  of  the  abso- 
lute temperature  of  melting  ice,  for  all  pleasures  and  temperatures.  Zeuner  iiaa 
shown  (7)  that  its  necessary  consequences  of  the  theory  ot  perfect  gases  it  can  be 
proved  that  the  product  of  the  molecular  weight  and  specific  volume,  at  the  same 
pres-sure  and  temperature,  is  coustant  for  all  gases;  whence  he  derives  Avogadro's 
principle  (Art.  lU).  llankiue  (S)  bos  tahulated  the  physical  properties  of  the 
"perfect  gas." 

54.  Kinetic  Theory  of  Gases.  Beginning  with  Bernoiiillt  in  1788,  various 
investigators  have  attempted  to  explain  the  phenomena  of  gases  on  the  basis  of 
the  kinetic  theory,  which  is  now  closely  allied  with  the  mechanical  theory  of  heaL 
Accoi'ding  to  the  former  theory,  the  molecules  of  any  gas  are  of  equal  mass  and 
like  each  other.  Tliose  of  different  gases  differ  in  proportions  or  structure.  The 
intervals  between  the  molecules  are  relatively  very  great.  Their  tendency  in  to 
move  with  uniform  velocity  in  straight  lines.  Upon  contact,  the  direction  of  mo- 
tion undergoes  a  change.  lu-any  homogeneous  gas  or  mixture  of  gases,  the  mean 
energy  due  to  molecular  motion  is  the  same  at  all  parts.  The  pressure  of  the  goa 
per  unit  of  8U{ierficiaI  area  is  proportional  to  the  number  of  molecules  in  a  unit  of 
volume  and  to  the  average  energy  with  whicli  they  strike  this  urea.  It  ia  tliere- 
fuve  proportional  to  the  density  of  the  gas  and  to  the  average  of  the  squares  of  the 
molecular  velocities.  Temperature  is  proportional  to  the  average  kinetic  energy 
of  the  molecules.  The  more  nearly  perfect  the  gas,  the  more  infrequently  do  the 
moleoules  collide  with  one  another.  When  a  containing  vessel  is  healed,  the  inote- 
cules  rebound  with  increased  velocity,  and  the  temperature  of  the  gas  rises;  when 
the  vessel  ia  cooled,  the  Tnolecniar  velocity  and  the  teniperaliire  are  decrenaed. 
"  When  a  gas  is  compressed  under  a  piston  in  a  cylinder,  the  particles  of  the  gM 
rebound  from  the  inwardly  movhig  piston  with  unchanged  velocity  relative  to 
the  piston,  but  with  increased  actual  velocity,  and  the  te[n[>erBture  of  the  g»s  con- 
8i>quently  rises.  When  a  gas  is  expanded  under  a  receding  piston,  the  particles  of 
the  gas  rebound  with  diminished  actual  velocity,  and  the  temperature  falls  "  (S). 

Kecent  investigations  in  molecidar  physics  have  led  to  a  new  terminology  but 
ill  effect  serve  to  verify  and  explain  the  kinetic  theory. 

56.  Application  of  the  Kinetic  Ttteory.  Let  w  denote  the  actual  molecular 
velocity.  Itesolve  this  into  components  x,  y,  and  z,  at  right  angles  to  one  another. 
Then  mi*  =  a»  +  y'  +  z".  Since  the  moleoules  move  at  random  in  all  directions, 
z  =  y  =  ty  and  w*=  3i*,  Consider  a  single  molecide,  moving  in  an  x  direction 
back  and  forth  between  two  limiting  surfaces  distant  from  each  other  it,  the  t 
component  of  the  velocity  of  this  jNirticle  being  n,  The  molecule  will  make 
{a~'2  d)  oscillations  per  second.  At  each  impact  the  velocity  changes  from  +  a 
to  —  a,  or  by  2  a,  and  the  momentum  by  '2  urn,  if  m  represents  the  maw  of  the 
molecule.  The  averse  rat«  of  loss  of  raoraentura  per  single  impact  is  2  om  X  (o  +2  d) 
«mo'-5-d;  and  this  is  the  average /orce  exerted  per  second  on  each  of  the  limiting 
aurfaoes.     The  total  force  exerted  by  all  the  molecules  on  these  surfaces  is  then 


rH  -  -r«  ■ 


j-AT,  in  which  N  ia  the  total  number  of  molecules 


m 
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in  the  vcbocL    Let  q  be  the  area  of  the  limiting  surface.    Then  the  force  per  unit 

of   Burfaoe=p=rT-g==-^iV -r-g= — 5 — ,whence  pv^ — 5 — ~ -C     '  '^  which   v 
is  the  volume  of  the  gasBgti  and  IF  is  it«  weight  in  lbs.  (10).    See  Art.  127  a. 

56.  Applications  to  Perfect  Gases.  Assuming  that  the  absolute  temperature 
is  proportional  to  the.  average  kinetic  energy  per  molecule  (Art.  54),  this  kinetic 
energy  being  \  mu^,  then  letting  the  mass  be  unity  and  denoting  by  72  a  constant 
relation,  we  have  pv  =  RT,  The  kinetic  theory  is  perfectly  consistent  with  Dal- 
ton*s  law  (Art.  40).  It  leads  also  to  Avogadro's  principle.  Let  two  gases  be  pres- 
ent. For  the  first  gas,  p  =  nmw^  -4-  3,  and  for  the  second,  P  =  NMW^  -f-  3.  If 
t  =  Tj  mw*  =  MW^y  and  if  />  =  P,  then  n  =  N.  If  M  denote  the  mass  of  the  gas, 
J/  =  mJV,  and  po  =  Mw^  -i-  3,  or  ir*  =  3pc  -f-  3/,  from  which  the  mean  velocity  of 
the  molecules  may  be  calculated  for  any  given  temperature. 

For  gases  not  perfect,  the  kinetic  theory  must  take  into  account,  (a)  the  efTect 
of  occasional  coUi^sion  of  the  molecules,  and  (6)  the  effect  of  mutual  attractions 
and  repulsions.  The  effect  of  collisions  is  to  reduce  the  average  distance  moved 
between  impacts  and  to  increase  the  frequency  of  impact  and  consequently  the 
pressure.  The  result  is  much  as  if  the  volume  of  the  containing  vessel  were 
smaller  by  a  constant  amount,  6,  than  it  really  is.  For  r,  we  may  therefore  write 
V  —  b.  The  value  of  b  depends  upon  the  amount  and  nature  of  the  gas.*  The 
effect  of  mutual  attractions  is  to  slow  down  the  molecules  as  they  approach  the 
walls.  This  makes  the  pressure  less  than  it  otherwise  would  be  by  an  amount 
which  can  be  shown  to  be  inversely  proportional  to  the  square  of  the  volume  of 
the  gas.  For  j9,  we  therefore  write  />  +(a  -7-  r^),  in  which  a  depends  similarly 
upon  the  quantity  and  nature  of  the  gas.  We  have  then  the  equation  of  Van  der 
Waals, 

[p-^^)(v-b)  =  RT  ill), 

(1)  Cf.  Verdet,  Lemons  de  Chemie  et  de  Phynque,  Paris,  1862.  (2)  Pel.  des  Erp., 
I,  111,  112.  (3)  Trans.  A.  S.  M.  E.,  VI,  282.  (4)  Technical  Thermodynamics 
(Klein  tr.),  II,  313.  (5)  *'  A  perfect  gas  is  a  substance  in  such  a  condition  that  the 
total  pressure  exerted  by  any  number  of  portions  of  it,  against  the  sides  of  a  vessel  in 
which  they  are  inclosed,  is  the  sum  of  the  pressures  which  each  such  portion  would 
exert  if  enclosed  in  the  vessel  separately  at  the  same  temperature.'' — The  Steam 
Engine^  14th  ed.,  p.  226.  (6)  Engineering  Thermodynamics^  11)07.  (7)  Qj).  cit.y  I, 
104-107.  (8)  0/>.  crt.,  51>a-696.  (9)  Nichols  and  Franklin,  The  Elements  of  Physics, 
I,  100-200.  (10)  Ibid,,  199;  Wonnell,  Thermodynamics,  157-161.  (11)  Over  de 
ContinuUeit  van  den  Gas  en  Vloeistoestand,  Leinden,  1873,  76 ;  tr.  by  Koth,  Leipsic, 
1887. 

SYNOPSIS  OF   CHAPTER  IH 

Boyle's  law,  jw=PF:  deviations. 

Dalton's  law,  Avogadro's  principle. 

Lavs  of  Gay-Lussac  or  of  Charles:  increase  of  volume  at  constant  pressure;  increase 

of  pressure  at  constant  volume;  values  of  the  coeflBcient  from  32**  F.;  deviations 

with  actual  gases. 

♦  Strictly,  it  depends  upon  the  space  between  the  molecules;  but  Richards]su^p:e.sts 
[Science^  XXXIV,  N.  S.,  878),  that  it  may  var>'  with  the  pressure  and  the  temperature. 
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The  absolute  zero:— 459.4°  F.,  or  491.4°  F.  below  the  freezing  point. 
Air  thermometers :  Preston^s  ;  Hoadley's ;  calibration  ;  gases  used. 

pv    PV 

The  perfect  gaa^  ^  =  —=^  ;  definitions  ;  properties  ;  values  of  B  ;  absence  of  inter- 
molecular  action  ;  the  kinetic  theory  ;  development  of  the  law  PF=i2r  there- 
from ;  conformity  with  Avogadro's  principle  ;  molecular  velocity. 

Table  ;  the  common  gases  j 

Constants  for  gas  mixtures :  /?=  w-     *  '  *« 

Balloons:  weight = weight  of  fluid  displaced. 
The  Van  der  Waals  equation  for  imperfect  gases : 

PROBLEMS 

1.  Find  the  volume  of  one  pound  of  air  at  a  pressure  of  100  lb.  per  square  inch, 
the  temperature  being  32°  F.,  using  Boyle's  law  only.     (Ans.^  1.821  cu.  ft.) 

2.  From  Charles'  law,  find  the  volume  of  one  pound  of  air  at  atmospheric  pres- 
sure and  72°  F.     (An8.,  13.4  cu.  ft.) 

3.  Find  the  pressure  exerted  by  one  pound  of  air  having  a  volume  of  10  cubic 
feet  at  32°  F.     (Am.,  18.2  lb.  per  st].  in.) 

4.  One  pound  of  air  is  cooled  from  atmospheric  pressure  at  constant  volume  from 
32°  F.  to  —290°  F.     How  nearly  perfect  is  the  vacuum  produced?     (Ans.,  65.5%.) 

5.  Air  at  50  lb.  per  square  inch  pressure  at  the  freezing  point  is  heated  at  con- 
stant volume  until  the  temperature  becomes  2900°  F.  Find  its  pressure  after  heating. 
(Ans.,  341.8  lb.  per  9a\.  in.) 

6.  Five  pounds  of  air  occupy  50  cubic  feet  at  a  temperature  of  0°  F.  Find  the 
pressure.     {Atis.,  17.03  lb.  per  sq.  in.) 

7.  Find  values  of  R  for  hydrogen,  nitrogen,  oxygen. 

(A)i8.,  for  hydrogen,  770.3  ;  for  nitrogen,  54.9  ;  for  oxygen,  48.2.) 

8.  Find  the  volume  of  three  pounds  of  hydrogen  at  15  lb.  pressure  per  square 
inch  and  75°  F.     (Ans.,  571.8  cu.  ft.) 

9.  Find  the  temperature  of  2  ounces  of  hydrogen  contained  in  a  1-gallon  flask 
and  exerting  a  pressure  of  10,000  lb.  per  square  inch.    (Arts.,  1536°  F.) 

10.  Compute  the  value  of  r  (Art.  52).     {Arts.,  1538  to  1544.) 

11.  Find  the  mean  molecular  velocity  of  1  lb.  of  air  (considered  as  a  perfect  gas) 
at  atmospheric  pressure  and  70°  F.     {Ans.,  1652  ft.  per  sec.) 

12.  IIow  large  a  flask  will  contain  1  lb.  of  nitrogen  at  3200  lb.  pressure  per  square 
inch  and  70°  F.  ?    {Am.,  0.0631  cu.  ft.) 

13.  A  receiver  holds  10  lb.  of  oxygen  at  20°  C.  and  under  200  lb.  pressure  per 
square  inch.     What  weight  of  air  will  it  hold  at  100°  F.  and  atmospheric  pressure  ? 

14.  For  an  oxy-hydrogen  light,  there  are  to  be  stored  25  lb.  of  hydrogen  and 
200  11).  of  oxygen.  The  jnessures  in  the  two  tanks  must  not  exceed  500  lb.  per 
square  inch  at  110°  F.     rin.l  their  volumes. 

15.  A  receiver  containing  air  at  normal  atmospheric  pressure  is  exhausted  until 
the  pressure  is  0.1  inch  of  mercury,  the  temperature  remaining  constant.    What  per 
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cent  of  the  weight  of  air  has  been  remoyed?    (14.697  lb.  per  sq.  in.  =  29.92  ins. 
mercury.) 

16.  At  sea  level  and  normal  atmospheric  pressure,  a  60,000  cu.  ft.  hydrogen 
balloon  is  filled  at  14.75  lb.  pressure.  The  temperature  of  the  hydrogen  is  70®  F.; 
that  of  the  external  air  is  60®  F.  The  envelope,  car,  machinery,  ballast,  and  occu- 
pants weigh  3500  lb.  Ignoring  the  term  u?.  Art.  52a,  what  is  the  upward  pull  on  the 
anchor  rope  ? 

17.  How  much  ballast  must  be  discharged  from  the  balloon  in  Prob.  16  in  order 
that  when  liberated  it  may  rise  to  a  level  of  vertical  equilibrium  at  an  altitude  of  2 
miles  ? 

18.  In  Problem  17,  there  are  vented  from  the  balloon,  while  it  is  at  the  2-mile 
altitude,  10  per  cent  of  its  gas  contents.  If  the  ballonet  which  has  been  vented  is 
kept  constantly  filled  with  air  at  a  pressure  just  equal  to  that  of  the  external  atmos- 
phere, to  what  approximate  elevation  will  the  balloon  descend  ?  What  is  the  net 
amount  of  force  available  for  accelerating  downward  at  the  moment  when  descent 
begms? 

19.  In  Problem  17,  while  at  the  2-mile  ievel,  the  temperature  of  the  hydrogen 
becomes  60**  and  that  of  the  surroimding  air  0**,  without  change  in  either  internal  or 
external  pressure.  What  net  amount  of  ascending  or  descending  force  will  be  caused 
by  these  changes  ?    How  might  this  be  overcome  ? 

20.  In  a  mixture  of  5  lb.  of  air  w^ith  16  lb.  of  steam,  at  a  pressure  of  50  lb.  per 
miuare  inch  at  70®  F.,  what  is  the  value  of  R  for  the  mixture  ?  What  is  its  equiva- 
lent molecular  weight?  The  difference  of  k  and  I?  The  partial  pressure  due  to 
air  only  ? 

21.  A  mixed  gas  weighing  4  lb.  contains,  by  volume,  35  per  cent  of  CO,  16  per  cent 
of  H  and  3  per  cent  of  CH4,  the  balance  being  N.  The  pressure  is  50  lb.  per  square 
inch  and  the  temperature  100°  F.  Find  the  value  of  R  for  the  mixture,  the  partial 
pressure  due  to  each  constituent,  and  the  percentage  composition  by  weight. 

22.  Compute  (and  discuss)  values  of  B  and  y  for  gases  listed  in  the  table,  page  26. 
(See  Arts.  69,  70.) 


CHAPTER  IV 

THERMAL  CAPACITIES:  SPECIFIC  HEATS  OF  GASES:  JOULE'S  LAW 

57.  Thermal  Capacity.  The  definition  of  specific  heat  given  in  Art.  24  is, 
from  a  thermodynamic  standpoint,  inadequate.  Heat  produces  other  effects  than 
chanye  of  temperature*  A  definite  movement  of  heat  can  be  estimated  only  when 
all  of  these  effects  are  defined.  For  example,  the  quantity  of  heat  necessary  to 
raise  the  temperature  of  air  one  degree  in  a  constant  volume  air  thermometer  is 
much  less  than  that  used  in  raising  the  temperature  one  degree  in  the  constant 
pressure  type.  The  specific  heat  may  be  satisfactorily  defined  only  by  referring 
to  the  condition  of  the  substance  during  the  change  of  temperature.  Ordinarif 
apecijic  heats  assume  constancy  of  pressure,  —  that  of  the  atmosphere,  —  while  the 
volume  increases  with  the  temperature  in  a  ratio  which  is  determined  by  the  coeffi- 
cient of  ex|)ansion  of  the  material.  A  specific  heat  determined  in  this  way —  as 
are  those  of  solids  and  liquids  generally  —  is  the  specific  heat  at  constant  presaare. 

Whenever  the  tenn  ''specific  heat^^  is  vsed  ivithout  qualification,  this  par- 
ticular specific  heat  is  intended.  Heat  may  be  absorbed  during  changes  of 
either  pressure,  volume,  or  temperature,  while  some  other  of  these  proper- 
ties of  the  substance  is  kept  constant.  For  a  specific  change  of  property, 
the  amount  of  heat  absorbed  represents  a  specific  thermal  capacity. 

58.  Expressions  for  Thermal  Capacities.  If  //  represents  heat  absorbed, 
c  a  constant  specific  heat,  and  {T  —t)  a  range  of  temperature,  then,  by 
definition,   H=c{T-t)   and   c=H-^(T-t).     If  c  be   variable,   then 

//=  CcdT  and  c  =  dII-i-dT.     If  in  place  of  c  we  wish  to  denote  the 

specific  heat  at  constant  pressure  (A:),  or  that  at  constant  volume  (I),  we  may 
apply  subscripts  to  the  differential  coefficients ;  thus, 


^P    *°^   ^  =  (I?)k' 


the  subscripts  denoting  the  property  which  remains  constant  during  the 
change  in  temperature. 

We  have  also  the  thermal  capacities, 

/W^\  /8H\         (IH\  (^H\ 

\8F/  r'    \8P/  r'     \8P/  v'     \8F/  p 

The  first  of  these  denotes  the  amount  of  heat  necessary  to  increase  the  specific 
volume  of  the  substance  by  unit  volume,  while  the  temperature  remains  constant; 
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this  is  known  as  the  latent  heat  of  expansion.  It  exemplifies  absorption  of  heat 
without  change  of  temperature.  No  names  have  been  assigned  for  the  other 
thermal  capacities,  but  it  is  not  difficult  to  describe  their  significance. 

59.  Valnes  of  Specific  Heats.  It  was  announced  by  Dulong  and  Petit  that  the 
specific  heats  of  substances  are  inversely  as  their  chemical  equivalents.  This  was 
shown  later  by  the  experiments  of  Regnault  and  others  to  be  approximately, 
though  not  absolutely,  correct.  Considering  metals  in  the  solid  state,  the  product 
of  the  specific  heat  by  the  atomic  weight  ranges  at  ordinary  temperatures  from  6.1 
to  6.5.  This  nearly  constant  product  is  called  the  atomic  heat.  Determination  of 
the  specific  heat  of  a  solid  metal,  therefore,  permits  of  the  approximate  computa- 
tion  of  its  atomic  weight.  Certain  non-metallic  substances,  including  chlorine, 
bromine,  iodine,  selenium,  tellurium,  and  arsenic,  have  the  same  atomic  heat  as 
the  metals.  The  molecular  heats  of  compound  bodies  are  equal  to  the  sums  of  the 
atomic  heats  of  their  elements;  thus,  for  example,  for  common  salt,  the  specific 
heat  0.219,  multiplied  by  the  molecular  weight,  58.5,  gives  12.8  as  the  molecular 
heat ;  which,  divided  by  2,  gives  6.4  as  the  average  atomic  heat  of  sodium  and 
chlorine ;  and  as  the  atomic  heat  of  sodium  is  known  to  be  6.4,  that  of  chlorine 
must  also  be  6.4  (1). 

60.  Volumetric  Specific  Heat  Since  the  specific  volumes  of  gases  are  in- 
versely as  their  molecular  weights,  it  follows  from  Art.  59  that  the  quotient  of  the 
specihc  heat  by  the  specific  volume  is  practically  constant  for  ordinary  gases.  In 
other  words,  the  specific  heats  of  equal  volumes  are  equal.  The  specific  heats  of 
these  gases  are  directly  proportional  to  their  specific  volumes  and  inversely  pro- 
portional to  their  densities,  approximately.  Hydrogen  must  obviously  possess  the 
highest  specific  heat  of  any  of  the  gases. 

61.  Mean,  '^Real,"  and  '^  Apparent"  Specific  Heats.  Since  all  specific 
heats  are  variable,  the  values  given  in  tables  are  mean  values  ascertained 
over  a  definite  range  of x  temperature.  The  mean  specific  heat,  adopting 
the  notation  of  Art.  58,  is  c  =  II-^(T'-t);  while  the  triie  specific  heat,  or 
specific  heat  "at  a  point,"  is  the  limiting  value  c  =  dH-^  dT. 

Rankine  discusses  a  distinction  between  the  real  and  apparent  specific  heats ; 
meaning  by  the  former,  the  rate  of  heat  absorption  necessary  to  effect  changes  of 
temperature  alone,  vnthout  the  performance  of  any  disgregation  or  external  work . 
and  by  the  latter,  the  observed  rate  of  heat  absorption,  effecting  the  same  change 
of  temperature,  but  simultaneously  causing  other  effects  as  well.  For  example, 
in  heating  water  at  constant  pressure  from  62®  to  63°  F.,  the  apparent  specific  heat 
is  1.0  (definition.  Art.  22).  To  compute  the  real  specific  heat,  we  must  know  the 
external  work  done  by  reason  of  expansion  against  the  constant  pressure,  and  the 
disgregation  work  which  has  readjusted  the  molecules.  Deducting  from  1.0 
the  heat  equivalent  to  these  two  amounts  of  work,  we  have  the  real  specific  heatf 
that  which  is  used  solely  for  making  the  substance  hotter.  Specific  heats  determined 
by  experiment  are  always  apx>arent;  the  real  specific  heats  are  known  only  by 
oompatation  (Art.  64). 
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62.  Specific  Heats  of  Gases.  Two  thermal  capacities  of  especial 
importance  are  used  in  ealuuliitiona  relating  to  gases.  The  first  is 
the  tpecific  heat  at  eonxtaiit  pri^fmure,  k,  which  in  the  amount  of  heat 
necegtary  to  raise  the  temperature  one  decree  while  the  pressure  is  kept 
connlant ;  the  otlier,  tlie  upeeijie  h-at  at  conttant  volume,  1,  or  the 
amount  of  heat  necessary  to  raitc  (he  t-vmpfratnre  one  (ie;/ree  while  the 
volume  18  kept  constant. 

63.  Regnault'a  Law.  As  a.  result  o£  his  I'Spt-rimenta  on  a  lurge  ninnber  of 
gaBi'K  over  liilhiT  liniili-d  raiigeB  of  tetii]iuralure.  Regiiault  announced  that  tli» 
specific  beat  of  any  gaa  at  constant  pressure  is  constant  This  is  now  known  not  ta 
be  rigorously  true  of  even  our  must  nearly  perleut  gaseK.  It  is  not  even  approxi- 
mately true  of  those  gases  when  fur  from  the  condition  of  perteetneas,  i.e.  at  low 
temperatures  or  high  pressures.  At  very  liigh  temperatures,  also,  it  is  well  known 
that  specific  hcata  rapidly  increase.  This  particular  varifttiun  is  perhaps  due  ta 
an  approach  toward  that  chnnge  of  state  described  as  itiitocialion.  When  n*^«*. 
any  change  of  stjile,  —  combiiation,  fusion,  evaporaliou,  dissociation, — every  suV, 
ataace  manifests  erratic  thermal  properties.  The  specific  heat  of  carliuu  dioxido 
is  a  conspicuous  illustration.  Kecent  determinatious  liy  Holborn  and  Itenniiig 
(3)  of  the  mean  specific  heats  between  0°  and  r°  C.  give,  for  nitrogen,  i=  0.256 
+  0.000019/;  and  for  carbon  dioxide,  t  =  0.'201  +  0.0000742 1  -  0.000000018  j^s 
while  for  steam,  heated  from  110°  to  x"  C.  I-=O.W80- 0.0000168  i  +  0.fl000000«i*. 
The  specific  heats  of  eolidH  also  vary.  The  specific  heuts  of  substances  in  general' 
increase  with  the  t*fniperature.  BeguauU'a  law  would  hold,  however,  for  a  perfect 
gas;  in  this,  the  Biteuific  heat  would  be  constant  under  all  conditions  of  temper** 
tuie.  For  our  "permanent"  gases,  tbe  specific  heat  is  practic.tlly  constant  at 
ordinary  temperatures. 

The  table  in  Art.  53  shows  that  in  general  the  specific  heats  at  constant  pressure 
vary  inversely  aa  the  molpcular  woighla.  Carbon  dioxide,  sulphur  dioxide,  ammonia, 
and  steam  (which  are  highly  imperfect  gaaes)  vary  most  widely  from  this  law. 

64.  The  Two  Specific  Heats.  When  a  gns  is  heated  at  constant  pressure 
its  vohnuB  increases  against  that  pressure,  and  external  work  is  done  in 
consequence.  The  external  work  may  be  computed  by  multiplying  the' 
pressure  by  the  change  in  volume.  When  heated  at  constant  volume,  no 
external  work  is  done;  no  movement  is  made  against  an  external  resist- 
ance. If  the  gas  he  perfect,  then,  under  this  condition,  no  disgregation 
work  is  done;  and  the  specific  heat  at  constant  volume  ia  a  true  specific 
heat,  according  to  Rankine'a  distinction  (Art.  61).  The  sperific  heat  at 
constant  pressure  is,  however,  the  one  commonly  determined  by  experi- 
ment. The  numerical  vahies  of  the  two  specific  heats  must,  in  a  perfect 
gas,  differ  hy  the  heat  equivalent  to  the  external  work  done  during  beating 
at  constant  pressure.     Under  certain  conditions,  —  as  with  water  at  its 
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maximum  density, — ^no  external  work  is  done  when  heating  at  constant 
pressure;  and  at  this  state  the  two  specific  heats  are  equal,  if  we  ignore 
possible  differences  in  the  disgregation  work. 

65.  Difference  of  Specific  Heats.  Let  a  pound  of  air  at  32^  F. 
and  atmospheric  pressure  be  raised  1°  F.  in  temperature,  at  constant 
pressure.  It  will  expand  12.387 -*- 491.4  =  0.02521  cu.  ft.,  against 
a  resistance  of  14.7  x  144  =  2116.8  lb.  per  square  foot.  The  external 
work  which  it  performs  is  consequently  2116.8  x  0.02521  =  53.36  foot- 
pounds. A  general  expression  for  this  external  work  is  W=PV-i-  T; 
and  as  from  Art.  51  the  quotient  P  V-i-  iT  is  a  constant  and  equal  to 
iJ,  then  TTis  a  constant  for  each  particular  gas,  and  equivalent  in 
value  to  that  of  jB  for  such  gas.  The  value  of  IF  for  air,  expressed 
in  heat  units,  is  53.36-^778=0.0686.  If  the  specific  heat  of  air  at 
constant  pressure,  as  experimentally  determined,  be  taken  at  0.2375, 
then  the  specific  heat  at  constant  volume  is  0.2375—0.0686  =  0.1689, 
air  being  regarded  as  a  perfect  gas. 

66.  Deriyation  of  Law  of  Perfect  Gas.  Let  a  gas  expand  at  constant  pres- 
sure P  from  the  condition  of  absolute  zero  to  anv  other  condition  T,  T.    The  total 

external  work  which  it  will  have  done  in  consequence  of  this  expansion  is  PK. 
The  work  done  per  degree  of  temperature  is  PV-  T.  But,  by  Charles*  law,  this 
is  constant,  whence  we  have  P  V=  R  T,  The  symbol  R  of  Art  51  thus  represents 
the  external  work  of  expansion  during  each  degree  of  temperature  increase  (3). 

67.  General  Caae.     The  difTerence  of  the  spiecific  heats,  while  constant  for  any 

gas,  is  different  for  different  gases,  because  their  values  of  R  differ.  But  since 
values  of  R  are  proportional  to  the  specific  volumes  of  gases  (Art.  52),  tlie  diifer- 
enoe  of  the  Tolametric  specific  heats  is  constant  for  aU  gases.  Thus,  let  I;  /  be  the 
two  specific  heats,  per  pound,  of  air.  Theu  k  —  I  =  r.  Let  //  be  the  density  of 
the  air;  then,  d(k—l}  is  the  difference  of  the  volumetric  specific  heats.  For  any 
other  gas,  we  have  similarly,  K  —  L  =  R  and  D(K  —  L) ;  but,  from  Art.  52 
B:r::d:D,  or  R  =  rd  ^  D,  Hence,  K  -  L  =  rd  ^  D  =(k  -  l)(d  ^  D)y  or 
D(^K  —  L)=  d{^k  —  /).  The  difference  of  the  volumetric  specific  heats  is  for  all 
gaaes  equal  approximately  to  0.0055  B.  t.  u.     (Compare  Art.  60.) 

68.  Computation  of  Eztemal  Work.     The  value  of  R  given  in  Art.  52  and 

Art.  65  is  variously  stated  by  the  writers  on  the  subject,  on  account  of  the 
slight  uncertainty  which  exists  regarding  the  exact  values  of  some  of  the  con- 
stants used  in  computing  it.  The  differences  are  too  small  to  be  of  consequence 
in  engineering  work. 

69.  Ratio  of  Specific  Heats.  The  numerical  ratio  between  the 
two  specific  heats  of  a  sensibly  perfect  gas,  denoted  by  the  symbol  y, 
is  a  constant  of  prime  importance  in  thermodynamics. 
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For  air,  its  value  is  0.2375 -^0.1689  =  1.4+.  Various  writers,  using  other  funda- 
mental data,  give  slightly  different  values  (4).  The  best  direct  experiments  (to 
be  described  later)  agree  with  that  here  given  within  a  narrow  margin.  For 
hydrogen,  Lummer  and  Pringsheim  (5)  have  obtained  the  value  1.408;  and  for 
oxygen,  1.396.  For  carbon  dioxide,  a  much  less  perfect  gas  than  any  of  these, 
these  observers  make  the  value  of  y,  1.2961;  while  Dulong  obtained  1.338.  The 
latter  obtained  for  carbon  monoxide  1.428.  The  mean  value  for  the  "permanent" 
gases  is  close  to  that  for  air,  viz., 

y=i.4+. 

The  value  of  y  is  about  the  same  for  all  common  gases,  and  is  practically  inde- 
pendent of  the  temperature  or  the  pressure. 

From  Arts.  59,  60,  65,  we  have,  letting  m  denote  chemical  equivalents  and  V 
specific  volumes, 

m 


a 


I=(«-6)F,      y=^ 
where  a  and  b  are  constants  having  the  same  valueior  all  gases. 

70.  Relations  of  R  and  y.  A  direct  scries  of  relations  exists 
between  the  two  specific  heats,  their  ratio,  and  their  difference.  If 
we  denote  the  specific  heats  by  k  and  Z,  then  in  proper  units, 

k  —  i  =  M.         i  =  k— a.         7=y'        T — ^ = y  • 

i  rC  "■"  JLv 


(fot  air,  this  gives  ^-^^"^      ^  ^  1.402.) 


0.2375  - 


778 


k  =  ky  —  yR.  ky—k  =  yR.  k  =  R    "?• 

if 

y-1  y 

71.  Rankme's  Prediction  of  the  Specific  Heat  of  Air.  The  specific  heat  of  air 
was  approximately  det^^rniined  by  Joule  in  1852.  Earlier  determinations  were 
unreliable.  Rankine,  in  IS.IO.  by  the  use  of  the  relations  just  cited,  closely  ap- 
proximated the  result  obtained  (»xi>eri mentally  by  Regnault  three  years  later. 
Using  the  values  y  =  1.4,  It  =  53.15,  Rankine  obtained 

k  =  R  -^f—  =  (5:3.15  -  772)  x  (1.4  -j-  0.4)  =  0.239. 

y-  1 

Regnault's  result  was  0.2375. 
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72.  Mayer's  Computation  of  the  Mechanical  Equivalent  of  Heat 
Reference  was  made  in  Art.  29  to  the  computation  of  this  constant 
prior  to  the  date  of  Joule's  conclusive  experiments.  The  method  is 
substantially  as  follows :  a  cylinder  and  piston  having  an  area  of  one 
square  foot,  the  former  containing  one  cubic  foot,  are  assumed  to  hold 
air  at  32°  F.,  which  is  subjected  to  heat.  The  piston  is  balanced,  so 
that  the  pressure  on  the  air  is  that  of  the  atmosphere,  or  14.7  lb. 
per  square  inch ;  the  total  pressure  on  the  piston  being,  then, 
144  X  14.7  =  2116.8  lb.  While  under  this  pressure,  the  air  is  heated 
until  its  temperature  has  increased  491.4°.  The  initial  volume 
of  the  air  was  by  assumption  one  cubic  foot,  whence  its  weight 
was  1  -f- 12.387  =  0.0811  lb.  The  heat  imparted  was  therefore 
0.0811x0.2375x491.4  =  9.465  B.  t.  u.  The  external  work  was 
that  due  to  doubling  the  volume  of  the  air,  or  1  x  14.7  x  144  =  2116.8 
foot-pounds.  The  piston  is  now  fixed  rigidly  in  its  original  position, 
so  that  the  volume  cannot  change,  and  no  external  work  can  be  done. 
The  heat  required  to  produce  an  elevation  of  temperature  of  491.4° 
is  then  0.0811x0.1689x491.4  =  6.731  B.  t.  u.  The  difference 
of  heat  corresponding  to  the  external  work  done  is  2.734  B.  t.  u., 
whence  the  mechanical  equivalent  of  heat  is  2116.8  ■+■  2.734=  774.2 
foot-pounds. 


73.  Joale*8  Experiment.  One  of  the  crucial  experiments  of  the  science  was 
conducted  by  Joule  about  1844,  after  having  been  previously  attempted  by  Gay- 
Lussac. 

Two  copper  receivers,  A  and  jB,  Fig.  9,  were  connected  by  a  tube 
and  stopcock,  and  placed  in  a  water  bath.     Air  was  compressed  in  A 

to  a  pressure  of  22  atmospheres, 
while  a  vacuum  was  maintained 
in  B.  When  the  stopcock  was 
opened,  the  pressure  in  each  re- 
ceiver became  11  atmospheres,  and 
the  temperature  of  the  air  and  of 

FK,.  9.    Arts.  73,  80.- Joule's  Experiment.     ^^^  ^^^^^  ^^^^  remained  practically 

unchanged.  This  was  an  instance  of  expansion  without  the  perform- 
ance of  external  work;  for  there  was  no  resisting  pressure  against  the 
augmentation  of  volume  of  the  air. 


"•'>''.'/»  ' 
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74.  Joule's  and  Kelvin's  Porous  Plug  Ezperimeat.    Minute  observations 

showed  tliat  a  slight,  change  of  lem[terature  occurred  in  the  water  bath. 
Joule  and  Kelvin,  in  1852,  by  their  celebrated  "pirons  plug"  experiments, 
ascertained  t}ie  fxact  amount  of  this  change  for  various  gasea.  In  all  of 
the  permanent  gases  the  chauge  was  very  small ;  in  some  cases  the  tem- 
perature increased,  while  in  others  it  decreased ;  and  the  inference  is  jus- 
titied  that  in  a  perfect  gas  there  would  be  no  change  of  temperature  (Art. 
156). 

75.  Joule's  Law.  The  experiments  led  to  tlie  principle  that 
when  a  perfect  gas  expands  without  doing  external  work,  and  without 
receiving  or  discharging  heat,  the  temperature  remains  unchanged  and 

no  disgregation  work  is  done.  A  dear  appreciation  of  this  law  is  (if 
t'liiidaineiitul  iuipoitaiice.  Four  tlierinal  phenomena  might  have 
occurred  in  Joule's  experiment :  a  movement  of  heat,  the  performance 
of  external  work,  a  change  in  temperature,  or  work  of  Jisgregation, 
From  Art.  12,  these  four  effects  ui-e  related  to  one  another  in  such 
manner  tluit  their  summation  is  zero;  (^ff=  T+  T+  W).  By  means 
of  the  water  hath,  which  throughout  tlie  experiment  had  the  same 
temperature  as  the  air,  the  movement  of  heat  to  or  from  the  air  waa 
prevented.  By  expanding  into  a  vacuum,  the  performance  of  external 
work  waa  prevented.  The  two  remaining  items  must  then  sum  up 
to  zero,  i.e.  the  temperature  change  and  the  Jisgregation  work.  But 
the  temperature  did  not  change ;  cOTisu(|uently  the  amount  o£  disgre- 
gation work  must  have  been  zero. 

76.  Consequences  of  Joule's  Law.  In  the  experi  metit  described,  the  pres- 
sure and  volume  changed  without  clianging  the  ioteriial  energy.  No  dis- 
gr^atiou  work  was  done,  and  the  teiuperaturo  remained  unchanged. 
Considering  prcssurp,  volume,  and  temperature  as  three  cardinal  thermal 
properties,  internal  energy  is  then  independent  of  the  pressure  or  voUima 
and  de!>ends  on  the  temperature  only,  in  any  perfect  gas.  It  is  thus  itself 
a  cardinal  property,  in  this  case,  a  function  of  the  temperature,  "A 
change  of  pressure  and  volume  of  a  perfect  gas  uot  associated  with  change 
of  temperature  does  not  alter  the  internal  energy.  In  any  change  of  tem- 
perature, the  change  of  internal  energy  is  indc'|)endent  of  the  relation  of 
pressure  to  volume  during  tlie  operation;  it  depends  only  on  the  amount 
by  which  the  temperature  has  been  changed"  (6).  The  gas  tends  to  cool 
in  expanding,  but  this  effect  is  "exactly  compensated  by  the  heat  which 
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is  disengaged  through  the  friction  in  the  connecting  tube  and  the  im- 
pacts which  destroy  the  velocities  communicated  to  the  particles  of  gas 
while  it  is  expanding"  (7).  There  is  practically  no  disgregation  work  in 
heating  a  sensibly  perfect  gas;  all  of  the  internal  energy  is  evidenced  by 
temperature  alone.  When  such  a  gas  passes  from  one  state  to  another  in 
a  variety  of  ways,  the  external  work  done  varies;  but  if  from  the  total 
moyement  of  heat  the  equivalent  of  the  external  work  be  deducted,  then 
the  remainder  is  always  the  same,  no  matter  in  what  way  the  change  of 
condition  has  been  produced.  Instead  oi  II  =  T  -\- 1 -\-  W,  we  may  write 
H=T+W. 

77.  Application  to  Difference  of  Specific  Heats.  The  heat  absorbed  dur- 
ing a  change  in  temperature  at  constant  pressure  being  //=  A:(7'—  /),  and 
the  external  work  during  such  a  change  being  W=  P(V—  v)  =  R(T^t)y 
the  gain  of  internal  energy  must  be 

H-  W={k^R){T-t), 

The  heat  absorbed  during  the  same  change  of  temperature  at  constant 
volume  is  H^l{T—t),  Since  in  this  case  no  external  work  is  done,  the 
whole  of  the  heat  must  have  been  applied  to  increasing  the  internal  energy. 
But,  according  to  Joule's  law,  the  change  of  internal  energy  is  shown  by  the 
temperature  change  alone.  In  whatever  way  the  temperature  is  changed 
from  r  to  ^,  the  gain  of  internal  energy  is  the  same.     Consequently, 

{k-R){T-t)  =  l{T-t)  and  ^•-  v  =  ?, 

a  result  already  suggested  in  Art.  65. 

78.  Discussion  of  Results.  The  greater  value  of  the  specific  heat  at 
constant  pressure  is  due  solely  to  the  performance  of  external  work  dur- 
ing the  change  in  temperature.  The  specific  heat  at  constant  volume  is 
a  real  specific  heat,  in  the  case  of  a  perfect  gas ;  no  external  work  is  done, 
and  the  internal  energy  is  increased  only  by  reason  of  an  elevation  of  tem- 
perature. There  is  no  disgregation  work.  All  of  the  heat  goes  to  make 
the  substance  hot.  [So  long  as  no  external  work  is  done,  it  is  not  neces- 
sary to  keep  the  gas  at  constant  volume  in  order  to  confirm  the  lower 
value  for  the  specific  heat;  no  more  heat  is  required  to  raise  the  tempera- 
ture a  given  amount  when  the  gas  is  allowed  to  expand  than  when  the 
volume  is  maintained  constant.  For  any  gas  in  which  the  specific  heat  at 
constant  volume  is  constant.  Joule's  law  is  inductively  established ;  for  no 
external  work  is  done,  and  temperature  alone  measures  the  heat  absorp- 
tion at  any  point  on  the  thermometric  scale.  If  a  gas  is  alloiced  to  expand, 
doing  external  tcork  at  constant  temperature,  then,  since  no  change  of  inter- 
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iial  energy  occurs,  it  is  obvious  from  Art,  12  that  the  rrfrnici!  vorlc  ts  e/j'i'i\ 
to  the  heat  abanrher].  Briefly,  the  important  deduction  from  Joule's  experi- 
ment is  that  item  (6),  Art.  12,  may  be  ignored  when  dealing  with  sensibly 
perfect  gases. 

79.  Confirmatory  Experiment.  By  a  siibseqiieut  experiment,  Joule 
showed  that  when  a  gas  expands  so  as  to  perform  external  work,  heat  rli 
appears  to  au  extent  proportional  to  the  work  done.  Figure  10  illustrates 
tiie  apparatus.  A  receiver  A,  containing  gas  compressed  to  two  atmos- 
pheres, was  placed  iti  the  calorimeter  B  and  connected  with  the  gas  holder 
C,  placed  over  a  water  tauk.  The  gas  passed 
from  j4  to  C  throvigh  the  coil  D,  depressed  the 
water  in  the  gas  holder,  and  divided  itself  be- 
tween the  two  vessels,  the  pressure  falling  to 
that  of  one  atmosphere.  The  work  done  was 
computed  from  the  augiiientation  of  volume  shown 
by  driving  down  the  water  in  C  against  atmos- 
pheric pressure;  aud  the  heat  lost  was  ascertained 
from  the  fall  of  teniperatiu'e  of  the  water.  If  the  temperature  of  the 
air  were  caused  to  remain  constant  throughout  the  experiment,  tlien  the 
work  done  at  0  woidd  be  precisely  eiiuivalent  to  the  heat  giveji  up  by 
the  water.  If  the  temperature  of  the  air  were  caused  to  remain  constantly 
the  same  as  that  of  the  water,  then  II=0=T+I+  W,  {T  +  I)=-W,  or 
internal  energy  would  be  given  up  by  the  ai^  precisely  equivalent  in  amount 
to  the  work  done  in  C. 

80.  Application  of  th«  Kinetic  Theory.  In  the  porous  plug  experiment  referred 
to  in  Art.  74,  it  waa  found  that  certain  g&ses  were  slightly  cooled  aan  result  of  the 
expansion,  and  oUiers  nlighCly  warmed.  The  molecules  of  gas  are  very  much  closer 
to  one  another  in  .1  ilian  in  II.  at  the  beginning  of  tlie  experiment.  Tf  the  mole- 
cules are  mutualtp  attractive,  tlie  following  action  takes  place :  aa  tliey  eniei^feH 
A,  they  are  attracted  by  the  remaining  parlielcB  in  that  vessel,  and  their  velocity 
decreases.  As  they  enter  B,  they  encounter  attractions  lliere,  which  tend  to 
crease  their  velocity;  but  a't  tlie  secimd  set  of  ultraetiims  is  feebler,  the  total  effect 
is  a  loM of  rflncilij  and  a  cooling  of  thf  ga$.  lu  another  gatt,  in  which  the  moleculea 
tepel  one  another,  the  velocity  during  passage  would  be  on  the  whole  aagnuinltd, 
and  the  temperature  iiicrea'ed.  A  perfect  gas  would  undergo  neither  increase  nor 
decrease  of  temperature,  for  there  would  be  no  attractions  or  repntsions  between 
the  molecules. 

(1)  A  critical  review  of  this  tbet  y  has  been  pttwn  A  by  Mills  i  Thf  Sp«Cifie 
Heats  of  the  EJemenlf,  iScieni-.e,  Aug  24  1008  p  2i  (i)  Thr  Enffineer,  JaUIUry 
13,  1M8.  (3)  Tliroughout  LIiIb  stud  no  a  n  on  w  be  paid 
affecting  the  numerical  value  of  co      ant     n  f  nn    a.    n  i^-  lioili  lieat  and  work 
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63.86 
quantities.    R  may  by  either  63.86  or  ~=r~«    The  student  should  discern  whether 

heat  units  or  foot-poimds  are  intended.  (4)  Zeimer,  Technical  Thermodynamic8f 
Klein  tr.,  I,  121.  (5)  Ibid,,  loc.  cU.  (6)  Ewing:  The  Steam  Engine,  1906.  (7) 
Wonndl,  Thermodynamics. 

SYNOPSIS  OF  CHAPTER  IV 

Specific  thermal  cai>acitie8;  at  constant  pressure ^  at  constant  volume;  other  capacities. 

Atomic  heait  =  specific  heat  X  atomic  weight;  molecular  heat. 

The  volumetric  specific  heats  of  common  gases  are  approximately  equal. 

Mean  specific  heat  =  ;  true  specific  heat  =  -— ;  real  and  apparent  specific  heats. 

SegnauWs  law:  **  the  specific  heat  is  constant  for  perfect  gases/* 

Difference  of  the  two  specific  heats  :  B  =  53.56  ;  significance  of  B. 

The  difference  of  the  volumetric  specific  heats  equals  0.0056  B.  t.  u.  for  all  gases. 

Ratio  of  the  specific  heats :  y  =  1,402  for  air ;  relations  between  A:,  ly  y,  R. 

Rankine's  prediction  of  the  value  of  k:  Mayer's  computation  of  the  mechanical  equiva- 
lent of  heat. 

Joule* s  Law :  no  disgregation  work  occurs  in  a  perfect  gas. 

If  the  temperature  does  not  change,  the  external  work  equals  the  heat  absorbed. 

If  no  heat  is  received,  internal  energy  disappears  to  an  extent  equivalent  to  the 
external  work  done. 

The  condition  of  intermolecular  force  determines  whether  a  rise  or  a  fall  of  temperature 
occurs  in  the  porous  plug  experiment. 


PROBLEMS 

1.  The  atomic  weights  of  iron,  lead,  and  zinc  being  respectively  66,  206.4,  66;  and 

the  specific  heats  being,  for  cast  iron,  0.1208 ;  for  wrought  iron,  0.1138 ;  for  lead, 

0.0314 ;  and  for  zinc,  0.0956,  —  check  the  theory  of  Art.  69  and  comment  on  the  results. 

{Ans.^  atomic  heats  are:   lead,  6.481;  zinc,  6.214;  wrought  iron,  6.373;  cast  iron, 

7.259.) 

2.  Find  the  volumetric  specific  heats  at  constant  pressure  of  air,  hydrogen,  and 
nitrogen,  and  compare  vnth  Art.  60.     (k  =  3.4  for  H and  0.2438  for  N,) 

(^iw.,  air  0.01917;  hydrogen  0.01901;  nitrogen  0.01912.) 

3.  The  heat  expended  in  warming  1  lb.  of  water  from  32*  F.  to  160**  F.  being  127.86. 
B.  t.u.,  find  the  mean  specific  heat  over  this  range.     {Ans.,  0.9989.) 

4.  The  weight  of  a  cubic  foot  of  water  being  59.83  lb.  at  212°  F.  and  62.422  lb.  at 
32*  F.,  find  the  amount  of  heat  expended  in  performing  external  work  when  oub 
pound  of  water  is  heated  between  these  temperatures  at  atmospheric  pressure. 

(Ans.,  0.00189  B.t.u.) 

5.  (a)  Find  the  specific  heat  at  constant  volume  of  hydrogen  and  nitrogen. 

(Ans.,  2.41;  0.1732.) 
(6)  Find  the  value  of  y  for  these  two  gases.     {Ans.,  1.4108;  1.4080.) 

6.  Check  the  value  0.0055  B.  t.  u.  given  in  Art.  67  for  hydrogen  and  nitrogen. 

{Ans.,  0.00554;  0.00554.) 
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7.  Compate  the  elevation  in  temperature,  in  Art.  72,  that  would,  for  an  expansion 
of  100  per  cent,  under  the  assumed  conditions,  and  with  the  given  values  of  k  and  i, 
give  exactly  778  as  the  value  of  the  mechanical  equivalent  of  heat.  What  law  of 
gaseous  expansion  would  be  invalidated  if  this  elevation  of  temperature  occurred? 

{Arts,,  489.05*»  F.) 

8.  In  the  experiment  of  Art.  79,  the  volume  of  air  in  C  increased  by  one  cubic  foot 
against  normal  atmospheric  pressure.  The  weight  of  water  in  B  was  20  lb.  The  tem- 
perature of  the  air  remained  coiLStant  throughout  the  experiment.  Ignoring  radiation 
losses,  compute  the  fall  of  temperature  of  the  water.    iAns.,  0.13604**  F.) 


CHAPTER   V 

GRAPHICAL    REPRESENTATIONS:    PRESSURE- VOLUME    PATHS   OF 

PERFECT   GASES 

81.  Thermodjmamic  Coordinates.  The  condition  of  a  body  being  fully 
defined  by  its  pressure,  volume,  and  temperature,  its  state  may  be  repre- 
sented on  a  geometrical  diagram  in  which  these  properties  are  used  as 
coordinates.  This  graphical  method  of  analysis,  developed  by  Clapeyron, 
is  now  in  universal  use.  The  necessity  for  three  coordinates  presupposes 
the  use  of  analytical  geometry  of  three  dimensions,  and  representations 
may  then  be  shown  perspectively  as  related  to  one  of  the  eight  corners 
of  a  cube;  but  ihe projections  on  any  of  the  three  adjacent  cube  faces  are 
commonly  used ;  and  since  any  two  of  three  properties  fix  the  third  when 
the  characteristic  equation  is  known,  a  projective  representation  is  suffi- 
cient. Since  internal  energy/  is  a  cardinal  property  (Arts.  10,  76),  this  also 
may  be  employed  as  one  of  the  coordinates  of  a  diagram  if  desired. 

82.  Illustration.  In  Fior.  11  we  have  one  corner  of  a  cube 
constituting  an  origin  of  coordinates  at  O.  The  temperature  of  a 
substance  is  to  be  represented  by  the  distance  upward  from  0;  its 
pressure,  by  the  distance  to  the  right ;  and  its  volume,  by  the  dis- 
tance to  the  left.  The  lines  forming  the  cube  edges  are  correspond- 
ingly marked  OT^  OP^  OV.  Consider  the  condition  of  the  body  to 
be  represented  by  the  point  A^  within  the  cube.  Its  temperature  is 
then  represented  by  the  distance  AB^  parallel  to  TO,  the  point  B 
being  in  the  plane  VOP.  The  distance  AD^  parallel  to  PO,  from  A 
to  the  plane  TOV^  indicates  iha  pressure ;  and  by  drawing  ^(7  paral- 
lel to  VO^  C  being  the  intersection  of  this  line  with  the  plane  TOP^ 
we  may  represent  the  volume.  The  state  of  the  substance  is  thus 
fully  shown.  Any  of  the  i\\TQQ  projections^  tigs.  12-14,  would  equally 
fix  its  condition,  providing  the  relation  between  P,  V^  and  T  is 
known.     In  each  of  these  projections,  two  of  the  properties  of  the 

substance  are  shown  ;  in  the  three  projections,  each  property  appears 
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twice;  and  the  corresponding  lines  AB^  AC^  and  AD  are  always 
equal  in  length. 


4^.c, 


Fig.  11.  Art.  82. — 
Perspective  Dia- 
gram. 


B 

Fio.  12.    Art.  82. 
TP  Diagram. 


C- 


AjB, 


AO. 


Fig.  13.    Art.  82.— 
VP  Diagram. 


^       B 

Fig.  14.    Art.  82. 
TV  Diagram. 


83.  Thermal  Lines.  In  Fig.  15,  let  a  substance,  originally  at  A,  pass 
at  constant  pressure  and  temperature  to  the  state  B ;  thence  at  constant 
temperature  and  volume  to  the  state  C;  and  thence  at  constant  pressure 


A8. 


'0 


Tl 


B.C.        A 


Fig.  15.  Art.  83.— 
Perspective  Ther- 
mal Line. 


Fig.  16.    Art.  83.— 
rPPath. 


Fig.  17.    Art.  83. 
VP  Path. 


Fig.  18.    Art.  83.— 
TV  Path. 


and  volume  to  2>.  Its  changes  are  represented  by  the  broken  line  ABCD, 
which  is  shown  in  its  various  projections  in  Figs.  16-18.  The  thermal 
line  of  the  coordinate  diagrams,  Figs.  11  and  15,  is  the  locus  of  a  series  of 
successive  states  of  the  substance.  A  path  is  the  projection  of  a  thermal 
line  on  one  of  the  coordinate  planes  (Figs.  12-14, 16-18).  The  path  of  a 
substance  is  sometimes  called  its  process  curve;  and  its  thermal  line^  a 
thermogram. 

The  following  thermal  lines  are  more  or  less  commonly  studied :  — 

(a)  Isothermal,  in  which  the  temperature  is  constant;  its  plane  is 
perpendicular  to  the  OT  axis. 

(6)  Isometric,  in  which  the  volume  is  constant;  having  its  plane  per- 
pendicular to  the  OF' axis. 

((?)  Isopiestic,  in  which  the  pressure  is  constant ;  its  plane  being  per- 
pendicular to  the  OP  axis. 

(d)  Isodynamic,  that  along  which  no  change  of  internal  energy 
occurs. 
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(e)  Adlabattc,  that  along  which  no  heal  in  transferred  between  the 
Buhstance  and  surrounding  bodies;  the  thermal  line  of  an 
ituulated  body,  perfonning  or  consuming  work. 

84.  Thermodynamic  Soiface.  Since  the  equation  of  a  gas  in- 
eludes  three  variables,  its  geometrical  represeutation  is  a  surface ; 
and  the  first  three,  at  least,  of  the  above  paths,  must  be  projections 
of  the  intersection  of  a  plane  with  such  surface.    Figure  19,  from  Pea- 

T  .       ■  ,• 


Sartac«  for  a  Perfect  Gm. 


body  (1),  admirably  illustrates  the  equation  of  a  perfect  gas,  PV=: 
JtT.  The  surface  pmnv  is  the  characteristic  surface  for  a  perfect  gas. 
Every  section  of  this  surface  pariillel  to  tlie  PF"  plane  is  an  equilat- 
eral hyperbola.  Every  projection  of  such  section  on  the  PV  plane 
is  also  an  equilateral  hyperbola,  the  coordinates  of  which  express  the 
law  of  Boyle,  PK=C.  Every  section  parallel  with  the  IT"  plane 
gives  straight  lines  pm,  »l,  etc.,  and  every  section  parallel  witli  the 
TP  plane  gives  straight  lines  vn,  xjf,  etc.     ThQ  equations  of  thQfiO 
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lines  are  expressions  of  the  two  forms  of  the  law  of  Charles,  their 
sppciiraiice  being  comparable  with  that  in  Fig,  5. 

85.  Patli  td  Water  at  Constant  Pressure.  Rome  such  diagram  as  that 
of  Fig,  20  would  represeut  the  behavior  of  water  in  its  solid,  liquid,  and 

vaporous  forms  wlien  heated  at  constant  pressure. 
The  coordinates  are  temperature  and  volume.     At 
A,  the  substance  is  ice,  at  a  temperature  below 
the  freezing  point.     As  the  ice  is  heated  from  A 
to  B,  it  undergoes  a  slight  expansion,  like  other 
solids.     At  B,  the  melting  point  is  reached,   and 
as  ice  contracts  in  melting,  there  is  a  decrease  in 
volume  at  constant  temperature.    At  C,  the  sub- 
stance is  all  water;  it  contracts  until  it  reaches  the 
temperature    of    maximum  density,  39.1°  F.,  at  D, 
then  expands  until  it  boils  at  E,  when  the  great 
increase  in  volume  of  steam  over  water  is  shown  by  the  line  EF.     If  the 
steam  after  formatiou  conformed  to  Charles'  law,  the  path   would  coii- 
tinne  upward  and  to  the  right  from  F,  as  a  straight  line. 

86.  The  Dio^am  of  Energy.  Of  the  three  coordinate  planes,  the  I'V 
is  most  commonly  used.  This  gives  a  diagram  corresponding  with  that 
produced  by  the  steam  engine  indicator  (Art.  484).  It  is  sometimes  called 
Wfttt's  diagram.  Its  importance  arises  principally  from  the  fact  that  it 
represents  directly  the  external  work  done  during  the  movement  of  the 
substance  along  any  path.  Consider  a  vertical  cylinder  tilled  with  fluid, 
at  the  upper  end  of  which  is  placed  a  weighted  piston.  Let  the  piston  be 
caused  to  rise  by  the  expansion  of  the  fluid.  The  force  exerted  is  then 
equivalent  to  the  weight  of  the  piston,  or  total  pressure  on  the  fluid ;  the 
distance  moved  is  the  movement  of  the  piston,  which  is  equal  to  the  aug- 
mentation in  volume  of  the  fluid.  Since  work  equals  force  mnltiplied  by 
distance  moved,  the  external  work  done  is  equal  to  the  total  uniform  pressure 
multiplied  by  the  increase  of  volume. 

87.  Theorem.      On  a  PV  diagram,  the  external  work  done  along 
any  path   is  represented  by  the  area  included  be- 
tween that  path  and  the   perpendiculars   from   its 
extremities  to  the  horizontal  axis. 

Consider  first  a  path  of  constant  pressure.  «'■. 

Fig.  21.       From    Art.   86,   the   external    work   is 

equivalent   to    the   pressure  multiplied  by  the  in-    ^'"-  ^''    *"•  *'■— 

,         ,  '  ,  ,  ,         „  External  Work  at 

crease  of  volume,  or  to  ca  x  ao=  caoa.      0-eneral      cuostaot  Preuure. 
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e(Me :  let  the  path  be  arbitrary,  oJ,  Fig.  22.  Divide  the  area  abdc 
into  an  infinite  number  of  vertical  strips,  am7ic^  mopn^  oqrp^  etc., 
each  of  which  may  be  regarded  as  a  rectangle, 
2iuch  that  ae  =  rww,  mn  =  op,  etc.  The  external 
work  done  along  arw,  mo^  oq^  etc.,  is  then  repre- 
sented by  the  areas  amnc,  mopn^  oqrp^  etc.,  and 
the  total  external  work  along  the  path  ah  is  repre- 
sented by  the  sum  of  these  areas,  or  by  ahdc. 

Corollary  I,     Along  a  path  of  constant  volume 
no  external  work  is  done. 

Corollary  II,  If  the  path  be  reversed,  i.e,  from  right  to  left,  as 
along  6a,  the  volume  is  diminished,  and  iiejative  work  is  done  ;  work 
is  expended  on  the  substance  in  compresHing  it,  instead  of  being  per- 
formed by  it. 


c    n  p    f    ^ 

Fio.  22.  Arts.  87,  S«. 
—  External  Work, 
Any  Path. 


88.  Significance  of  Path.  It  is  obvious,  from  Fig.  22,  that  the  amount 
of  external  work  done  depends  not  only  on  the  initial  and  final  states  a  and 
&,  but  also  on  the  nature  of  the  path  between  those  states.  According  to 
Joule's  principle  (Art.  75)  the  change  of  internal  energy  {T-\-Iy  Art.  12) 
between  two  states  of  a  perfect  gas  is  dependent  upon  the  initial  and  final 
temperatures  only  and  is  independent  of  the  path.  The  external  work 
done,  however,  depends  upon  the  path.  The  total  expenditure  of  heat,  which 
includes  both  effects,  can  only  be  known  when  the  path  is  given.  The 
internal  energy  of  a  perfect  gas  (and,  as  will  presently  be  shown,  Art. 
H>9,  of  any  substance)  is  a  cardinal  property ;  external  work  and  heat 
transferred  are  not.  They  cannot  be  used  as  elements  of  a  coordinate 
diagram. 

89.  Cycle.  A  series  of  paths  forming  a  closed  finite  figure  con- 
stitutes a  cycle.  In  a  cycle,  the  substance  is  brought 
back  to  its  initial  conditions  of  pressure,  volume, 
and  temperature. 

Theorem.  In  a  cycle,  the  net  external  work 
done  is  represented  on  the  PV  diagram  by  the  en- 
closed area. 

Let  abed^  Fig.  23,  be  any  cycle.     Along  abc^  the 
work  done  is,  from  Art.    87,   represented  by  the 
area  abcef.     Along  cda^  the  negative  work  done  is  similarly  repre- 


Fig.  23.  Art.  89.— 
External  Work  in 
Closed  C>'cle. 
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sented  by  the  area  adcef.  The  net  positive  work  done  is  equivalent 
to  the  difference  of  these  two  areas,  or  to  ahcd. 

If  the  volume  units  are  in  cubic  feet,  and  the  pressure  units  2kXQ  pounds 
2)er  square  footy  then  the  measured  area  abed  gives  the  work  in  foot-pounds. 
This  principle  underlies  the  calculation  of  the  horse  power  of  an  engine 
from  its  indicator  diagram.  If  the  cycle  be  worked  in  a  negative  direction, 
e.g.  as  cbady  Fig.  23,  then  the  net  work  will  be  negative;  i.e.  work  will 
have  been  expended  upon  the  substance,  adding  heat  to  it,  as  in  an  air 
compressor. 

90.  Theorem.  In  a  perfect  gas  cycle,  the  expenditure  of  heat  is 
equivalent  to  the  external  work  done. 

Since  the  substance  has  been  brought  back  to  its  initial  tempera- 
ture, and  since  the  internal  energy  depends  solely  upon  the  tempera- 
ture, the  only  heat  effect  is  the  external  work.  In  the  equation 
//=  T4-/+  ir,  r+/=  0,  whence  ff=  TT,  the  expenditure  of  heat 
being  equivalent  to  its  sole  effect. 

If  the  work  is  measured  in  foot-pounds,  the  heat  expended  is  calcu- 
lated by  dividing  by  778.  (See  Note  3,  page  37.)  Conversely,  in  a 
reversed  cycle,  the  expenditure  of  external  work  is  equivalent  to  the  gain  of 
heat. 

91.  Isothermal  Expansion.  The  isothermal  path  is  one  of  much 
importance  in  establishing  fundamental  principles.  By  definition 
(Art.  83)  it  is  that  path  along  which  the  temperature  of  the  fluid 
is  constant.  For  gtises,  therefore,  from  the  characteristic  equation, 
if  r  be  made  constant,  the  isothermal  equation  is 

Taking  H  at  53.36  and  Tat  491.4°  (32°  F.), 

6'  =  53.36  X  491.4  =26,221; 

whence  we  plot  on  Fig.  2  the  isothermal  curve  ah  for  this  tempera- 
ture; an  equilateral  hyperbola,  asymptotic  to  the  axes  of  P  and  V. 
An  infuiitc  number  of  isothermals  might  be  plotted,  depending  upon 
the  temperature  assigned,  as  (v7,  rf]  gh,  etc.  The  equation  of  the 
iHothennal  ruaij  he-  reganhd  as  a  special  form  (f  the  expaneyitial 
equation  P  K"  =  C,  in  lohich  n  =  \. 
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92.  Onpkical  Method.    For  rapidly  plotting  curves  of  the  form  PV  =  C,  tlie 

conatructioa  shown  in  Fig.  34  is  useful.  Knowing  the  three  correspond! ug  prop- 
erties of  the  gas  at  any  given 

state  enables  us  to  fix  one  point 

on  the  curve ;  tliuH  the  Tolume 

12.387  &Dd  the  presHUre  3116.8 

give   OB   the   point  C  on    the 

uothennal  for  491.4°  absolute. 

Through  C  draw  CM  parallel 

to  OF.    From  0  draw  lines  OD, 

OX,  OM  to  meet  CM.    Draw 

CB  parallel  to  OP.    From  ths 

points  1,  5,  8,  where  OD,  ON, 

OM  intersect    CB,  draw  lines 

1  2,  5  7,  6  8  par&llel  to  OV.     From  D,  jV,  M,  draw  lines  perpendicular  to  OV. 

The  points  of  intersection  %  7,  8  are  points  on  the  required  curve.  Proof:  draw 
EC'PS,  ptiTallcl  Xa  OV,  and  8  A  parallel  to  OP.  In  the  similar  tri- 
angles OGC,  O.IM,  weliavp  HB-MA  -.-.OBiOA,  or  8  J  :  CB::£C:  F8, 
whence  8.'I  x  f  8  =  CB  x  EC,  or  P,l\  -  PcVf 

93.   Alteinative  Method.     In  Fig.  23  let  A  l>e  a  known  point  on  the 
Draw  aU  Ihrmigh  b  and  lay  off  DA  =  ab.    Then  A  U  another 
an  the  curve.     Additional  points  may  be  found  by  either  of  the 
indicated:     e.g.  by  drawing  dh  and   laying  off   h/=  ilb, 
r  by  drawing  BK  and  laying  off  Ay=  B.i.    TiJese  method.^  are  prac- 
tically applied   in  the  examination  .of  tjie  expansion  lines  of  steam 
engine  indicator  diagrams. 

94.  Theorem :  Along  an  isotliermal  path  for  a  per- 
fect gas,  the  external  work  done  is  equivalent  to 
the  heat  absorbed  (Art.  78). 

V        The  internal  energy 

Fro.  Ki.   An.93.—Seconrt  Method  fot  Plotting        is    unchanged,    as    indi- 
cated    by     Joule's     law 


Hyperbolas. 


(Art.  75)j  hence  the  expenditure  of  heat  is  solely  for  the  performance 
of  external  work.  S=  T+  /-f-  W,  but  T  =  0,  T+I=0,  and  R=  W. 
Conversely,  we  have  Hayer's  principle,  that  "  the  work  done  in  compressing  a 
portion  of  gas  at  constant  temperature  from  one  vnhinie  to  snother  is  dynamically 
equivalent  to  the  heat  emitted  by  the  gas  duiiiig  the  compression  "  (2). 

95.  Work  done  during  Isothermal  Expansion.  To  obtain  the  ex- 
ternal work  done  under  any  portion  of  the  isothermal  curve,  Fig.  24, 
we  most  use  the  integral  form, 
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in  which  v,  F'are  the  initial  and  final  volumes.     But,  from  the  equa- 
tion of  the  curve,  pv  =  PV,  P  =  pv  -i-  V,  and  when  p  and  vare  given, 

~=^pv  log,-L=  7?^log,-L  =  7?elog,|. 

The  Jieat  absorbed  is  equal  to  this  value  divided  by  778. 

96.  Perfect  Gas  Isodynamic  (Art.  87).  Since  in  a  perfect  gas  the 
internal  energy  is  fixed  by  the  temperature  alone,  the  internal  energy 
along  an  isothermal  is  constant,  and  the  isodynamic  and  isothermal 
paths  coincide. 

97.  Expansion  in  General.  We  may  for  the  present  limit  the 
consideration  of  possible  paths  to  tliose  in  which  increases  of  volume 
are  accompanied  by  more  or  less  marked  decreases  in  pressure ;  the 
latter  ranging,  say,  from  zero  to  infinity  in  rate.  If  the  volume  in- 
creases without  any  fall  in  pressure,  the 
path  is  one  of  constant  pressure ;  if  the 
volume  increases  only  when  the  fall  of 
j)ressure  is  infinite,  the  path  is  one  of  con- 
stant volume.  The  patlis  under  consideni- 
tion  will  usually  fall  between  these  two. 


Fio.  2G.     Art.  <»7. -Expansive    li'"^^'    ^'^N  «<-%  «^^»  Ctc,  Fig.   2(j.      Tlie  general 

^*^*^'*-  hiw  for  all  of  tliese  paths  is  PV'*  =  ii  con- 

stant, in  whicli  the  slope  is  determined  by  the  value  of  the  exponent  n 
(Art.  01).  For  /«  =  (),  tlie  patli  is  one  of  constant  pressure,  a«.  Fig.  26. 
For  w=  infinity,  the  path  isoneof  constant  volume.*  The  "steepness" 
of  the  path  incrreases  witli  the  value  of  7i,  (Note  that  the  exponent 
n  applies  to  V  only,  not  to  the  whole  expression.) 

98.    Work  done  by  Expansion.     For  this  general  case,  the  external 
work  area,  adopting  tlie  notation  of  Art.  i^o,  is, 

W=  ^'P^IV; 

Kut  since  ;«•"  —  PV\  P  =  po"  -^  T";  whence,  when/>  and  v  are  given, 

^v  i—n\  J  n  —  \  n—\ 

.1         -L 
*  F'»=  1,  where  n  =  0.     If  n=  ex,  we  may  write  /'a  |''=par,  or  F=t>. 
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When  F=  infinity,  P  =  0,  and  the  work  is  indeterminate  by  this  expression ;  but 

we  may  write  W  =  -i^  f  i  _  flL]  =  -J'JL.  [i  _  (iiV'^,  in  which,  for  F=  in- 

n  —  1\  pv  /      n  —  IL  \  VJ      J 

finity,  W  =  pv  -T-  (rj—  l),a  finite  quantity.     The  work  under  an  exponential  curve 

(when  n>l)  is  thus  finite  and  commensurable,  no  matter  how  far  the  expansion 

be  continued. 

99.  Relations  of  Properties.    For  a  perfect  gas,  in  which  — -  =  ^,  we  have 

PVt  =  pvT. 

It  expansion  proceeds  according  to  the  law  P  V^  =  pv%  we  obtain,  dividing  the 
first  of  these  equations  by  the  second, 

Z /  =  -?  r,  whence  1  =  (-"V"". 

This  result  permits  of  the  computation  of  the  change  in  temperature  following  a 

given  expansion.     We  may  similarly  derive  a  relation  between  temperature  and 

pressure.     Since 

1  I 

pv^  =  PV^y  v(p)'*  =  V(P)\     Dividing  the  expression /jpT  =  PVt  by  this,  we  have 

T(p)  «  =e(P)  "  ,  whence  ~  =(-)  "  =(-)^"* 

By  interpretation  of  these  formulas  of  relation,  we  observe  that  for 
values  of  n  exceeding  unity,  during  expansion  (Le.  increase  of  volume),  the 
pressure  and  temperature  decrease,  while  external  work  is  done.  The 
gain  or  loss  of  heat  we  cannot  yet  determine.  On  the  other  hand,  during 
compression,  the  volume  decreases,  the  pressure  and  temperature  increase, 
and  work  is  spent  upon  the  gas.  In  the  work  expression  of  Art.  98,  if 
p,  V,  t  are  always  understood  to  denote  the  initial  conditions,  and  P,  V,  T, 
the  final  conditions,  then  the  work  quantity  for  a  compression  is  negative, 

100.  Adiabatic  Process.  This  term  (Art.  83)  is  applied  to  any 
process  conducted  without  the  reception  or  rejection  of  heat  from  or 
to  surrounding  bodies  by  the  substance  under  consideration.  It  is 
by  far  the  most  important  mode  of  expansion  which  we  shall  have  to 
consider.  The  substance  expands  without  giving  heat  to,  or  taking 
heat  from,  other  bodies.  It  may  lose  heat^  by  doing  work;  or,  in  com- 
pression, work  may  he  expended  on  the  substance  so  as  to  cause  it  to 
gain  heat:  but  there  is  no  transfer  of  heat  between  it  and  surrounding 
bodies.  If  air  could  be  worked  in  a  perfectly  non-conducting  cylinder, 
we  should  have  a  practical  instance  of  adiabatic  expansion.  In 
practice  we  sometimes  approach  the  adiabatic  path  closely,  b}'  causing 
expansion  to  take  place  with  great  rapidity,  so  that  there  is  no  time 
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for  the  transfer  of  heat.  The  expansions  and  compressions  of  the  air 
which  occur  in  sound  waves  are  adiabatic,  on  account  of  their  rapidity 
(Art.  105).  In  the  fundamental  equation  H=  T-f  /+  TT,  the  adi- 
abatic process  makes  J?'=  0,  whence  W=  —  (  T  -f-  /)  ;  or,  the  external 
work  done  is  equivalent  to  the  loss  of  internal  energy^  at  the  expense  of 
which  energy  the  work  is  performed. 

101.  Adiabatic  Equation.  Let  unit  quantity  of  gas  expand  adiabatically 
to  an  infinitesimal  extent,  increasing  its  volume  by  dv,  and  decreasing  its 
pressure  and  temperature  by  dp  and  dt.  As  has  just  been  shown, 
W=  —  (T-f-  /),  the  expression  in  the  parenthesis  denoting  the  change  in 
internal  energy  during  expansion.  The  heat  necessary  to  produce  this 
change  would  be  Idt,  I  being  the  specific  heat  at  constant  volume.  The  ex- 
ternal work   done   is    W^  pdv ;    consequently,  pdv  =  —  Idt.    From  the 

equation  of  the  gas, pv  =  Et,  t  =^f  whence,  dt  =  —  (pdv  +  vdp).  Using 
this  value  for  dt, 

pdv  =  —  -={pdv  +  vdp). 

But  R  is  equal  to  the  difference  of  the  specific  heats,  or  to  A;  —  ^ ;  so  that 

pdv  =  —  - — -  {pdv  +  vdp), 

i^  -  ^P^"  =  -  pdc  -  vdp, 

ypdv  —  pdv  =  —  pdv  —  vdp, 

2^  = i^,  giving  by  integration, 

V  j> 

ylog^v  +  logg^  =  constant, 
or    pv^  =  constant, 

y  being  the  ratio  of  the  specific  heats  at  constant  pressure  and  con- 
stant volume  (Art.  69.) 

102.  Second  Derivation.  A  simpler,  though  less  satisfactory,  mode  of 
derivation  of  the  adiabatic  equation  is  adopted  by  some  writers.  Assum- 
ing that  the  adiabatic  is  a  special  case  of  expansion  according  to  the  law 
pv^  =  PF*,  the  external  work  done,  according  to  Art.  98,  is 

n-l 
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During  a  change  of  temperature  from  t  to  T,  the  change  in  internal  energy 
is  l(t  —  T),  or  from  Art.  70,  since  Z  =  /?  -i-(y  —  1),  it  is 

m  -  T) 

But  in  adiabatic  expansion,  the  extenml  tvork  done  is  equivalent  to  the 
cfiange  in  internal  energy  ;  consequently 

R{t  -  T)  ^  R{t  ~  T), 

n—\         y  —  ^ 

n  =  y,  and  the  adiabatic  equation  is  j^f^  =  PV',     For  air,  the  adiabatic  is 
then  represented  by  the  expression  ^>(y)**^  =  a  constant. 

103.  Graphical  Presentation.  Since  along  an  adiabatic  the  external 
work  is  done  at  the  expense  of  the  internal  energy,  the  temperature  must 
fall  during  expansion.  In  the  diagram  of  Fig.  19,  this  is  shown  by  com- 
paring the  line  ab,  an  isothermal,  with  ae,  an  adiabatic.  The  relation  of 
p  to  V,  in  adiabatic  expansion,  is  such  as  to  cause  the  temperature  to  fall. 
The  projections  of  these  two  paths  on  the  pv  plane  show  that  as 
expansion  proceeds  from  a,  the  pressure  falls  more  rapidly  along 
the  adiabatic  than  along  the  isothermal,  a  result  which  might  have  been 
anticipated  from  comparison  of  the  equations  of  the  two  paths.  If  an 
isothermal  and  an  adiabatic  be  drawn  through  the  same  point,  the  latter 
will  be  the  "steeper"  of  the  two  curves.  Any  number  of  adiabatics  may 
be  constructed  on  the  pv  diagram,  dejiendiiig  upon  the  value  assigned  to 
the  constant  {pv*) ;  but  since  this  value  is  determined,  for  any  particular 
perfect  gas,  by  contemporaneous  values  of  p  and  v,  only  one  adiabatic  can 
be  drawn  for  a  given  gas  through  a  given  iK)int. 

104.  Relations  of  Properties.  By  the  methods  of  Art.  98  and 
Art.  99,  we  find,  for  adiabatic  changes, 

'-— 5.=(r-f-(7)''r©''^-^7=?'- 

During  expansion,  the  pressure  aii<l  temjierature  df'cn.Mrie,  external  work  is  done 
at  the  expense  of  the  internal  energ}%  and  there  is  no  reception  or  rejection  of  heat. 


105.  Direct   Calcalatkm  of  the  Value  of  y.    The  velocity  of  a  wave  in  an 

aetio  medium  is,  according  to  a  fundamental  propoHition  in  dynamics,  equal  to 

Ui3  square  root  of  the  coefficient  of  elasticity  divided  by  the  mass  density:*  that  is, 

'  w 

*  See,  for  example,  Appendix  A  to  Vol.  ni  of  Nichols  and  Franklin's  ElemenU  of 
Phy9ic9. 
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V  being  in  feet  per  second  and  w  in  lbs.  per  cubic  foot.  When  a  volume  of  gas 
of  cross-section  =  n  and  length  I  is  subjected  to  the  specific  pressure  increment  dp, 
producing  the  extension  (negative  compression)  —dl, 

^^       dl-r-V 

The  volume  of  this  gas  is  In^v:  so  that  j=—  and  e  =  — -r^.     The  pulsations 

which  constitute  a  sbund  wave  are  very  rapid,  hence  adiabatic,  so  that  pv^  s  constant, 
and 

ypi^  -^du——  v^dp 

ypyf^-^  _dp_^yp 
v"        do    ""  • 

K    w 


y  = 


w 
Vho 


9P 


For  32*'  F.  and  p  =  14.697Xl44,  u;=0.081.  Taking  g  at  32.19  and  V  at  the 
experimental  value  of  1089, 

^  1089X1089  X0.C«1^ « i  41 1  /ox 

^    32:19X14.697X144  ^^^ 

105  a.  Velocity  with  Extreme  Pressure  Changes.  The  preceding  computation 
applies  to  the  propagation  of  a  pressure  wave  of  very  small  intensity  from  a  local- 
ized starting  ix)int.  Where  the  ]>ressure  rises  considerably  —  say  from  p  to  P,  the 
volume  meanwhile  decreasing  from  t;  to  Fo,  then 

Now   V  (velocity)  =  \—  and  e  =  —  ^-^ — —^  for  finite  changes.    If  v  is  the  vol- 
ume of  W  lb.  of  gas  (not  the  specific  volume),  pu  =  Rt  \V,  W  =  >^,  and  we  have 

Rt 

for  the  velocity, 

v=-yMEEF>W^  I  9ii'(p-p)  . 

^  (t»  -  Vo)pv       ^  j~  ' 
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For  t  =  530.  p  =  100,  P  =  400,  this  becomes 


>.2  X  53.36  X  530  x  30<)  x  144 


100  X  144 


-( 


1(H)\  0-713 

400/ 


9C 


1>00,0(K),000 


90({0 


=  2078  ft.  per  second. 


Tills  wonld  be  the  velocity  of  the  explosion  in  the  cylinder  of  an  internal  cora- 
hufltiun  engine  if  the  pressure  were  generated  at  all  points  simultaneously.  As  a 
matter  of  fact,  the  combustion  is  local  and  the  velocity  and  pressure  rise  are  much 
less  than  those  thus  computed  (Art.  319). 

106.  Representation  of  Heat  Absorbed.  Theorem:  The  heat  ab- 
sorbed on  stnj  path  is  represented  on  the  Py  diagram  by  the  area  en- 
closed between  that  path  and  the  two  adiabatics  through  its  extremities, 
indefinitely  prolonged  to  the  right. 

Let  the  path  be  aft,  Fig.  27.     Draw  the  adiabatics  an,  bN.     These 

may  be  conceived  to  meet  at  an  infinite  dis- 
tance to  the  right,  forming  with  the  path  the 
closed  cycle  abNh.  In  such  closed  cycle, 
the  total  expenditure  of  heat  is,  from  Art. 
•N  90,  represented  by  the  enclosed  area ;  but 
^    since  no  heat  is  absorbed  or  emitted  along 

Fig.  27.  Art*.  106,109.— Rep-  the  adiabatics,  all  of  the  heat  changes  in  the 
re»eiitation    of   Heat    A»>-  ^^^j^  ^^^^  ]^^^,q  occurred  along  the  path  ab, 

and  this  change  of  heat  is  represented  by  the 
area  ahNn,  If  the  path  be  taken  in  the  reverse  direction,  i,e.  from  b 
to  a,  the  area  ahNn  measures  the  heat  emitted. 

107.  Representations  of  Thermal  Capacities.  Let  ah,  cd,  Fig.  28,  be  two 
isothermals,  differing  by  one  degree.  Then  efnX  represents  the  specific 
hea*  at  constant  volume,  egmN  the  specific  heat  at 
constant  pressure,  eN,  fn,  and  gm  being  adiabatics. 
The  latter  is  apparently  the  greater,  as  it  should 
be.  Similarly,  if  ah  denotes  unit  increase  of 
volume,  tlie  area  ahMN  represents  the  latent  heat 
of  expansion.  The  other  thermal  capacities  men- 
tioned in  Art.  68  may  be  similarly  represented. 

Fio.  28.    Art.  107.  — Thermal 
Capacities. 
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108.  Isodiabatics.  An  infinite  number  of  expansion  paths  is  possible 
through  the  same  point,  if  the  n  values  are  different.  An  infinite 
number  of  curves  may  be  drav/n,  having  the  same  n  value,  if  they  do 
not  at  any  of  their  points  intersect.  Through  a  given  point  and  with 
a  given  value  of  n,  only  one  curve  can  be  drawn.  When  two  or  more 
curves  appear  on  the  same  diagram,  each  having  the  sanie  exponent  (n 


=  0O«WT. 


(a) 


FiQ.  29. 


(b) 
Art.  108. — Isodiabatics. 


(c) 


value),  such  curves  are  called  isodiabatics.  In  most  problems  relating 
to  heat  motors,  curves  appear  in  isodiabatic  pairs.  Much  labor  may  be 
saved  in  computation  by  carefully  noting  the  following  relations: 

1.  In  Fig.  29  (a),  let  the  isodiabatics  /)i''»»=  const,  be  intersected 
by  lines  of  constant  pressure  at  a,  6,  c  and  d.     Then 


n,-l 


fi,-i 


Pc)  ~  Tc  I 


(Art.  99). 


Pa=Pb,     Pd  =  Pe,     n\=ni; 

^"''  f; 4:4:4;  (^'^•")- 


2.  In  Fig.  29  (6),  let  the  same  isodiabatics  be  intersected  by  lines 
of  constant  volume,  determining  points  a,  b,  c  and  d.     Then 


{I 
( 


T 


(Art.  99). 


FA'-'    r^ 

Va  =  Va,     V„  =  Ve,    Wi  =  ui ; 


•i  a       J  (J  ,       Ta       Ti,      Pg      P»   ,  ,    ,      ,  ^, 
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3.  In  Fig.  29  (c),  the  same  isodiabatics  are  intersected  by  isothermals 
at  a,  b,  c  and  d.     Now 


(Art.  99). 


r«  =  r5,     Td  —  Tc,    ni=ni; 


...  5?=^*    and    ^°=^. 


/»*    P« 


P.     A 


(D 


In  this  case,  it  is  easy  to  show  also,  tnat 


ai) 


but  in  this  case  (I)  is  not  equal  to  (II) :  the  volume  ratio  is  not  equal  to 
the  pressure  ratio.  Note  also  that  in  each  of  the  three  cases  the  equality 
of  ratios  exists  between  properties  other  than  that  made  constant  along 
the  intersecting  h'nes;  thus,  in  (a),  the  pressure  is  constant,  and  the 
volume  and  temperature  ratio  is  constant. 


lOi.  Joule's  Law.  From  the  theorem  of  Art.  106,  Rankine  has 
illustrated  in  a  very  simple  manner  the  principle  of  Joule,  that  the 
change  of  interrud  ejiergy  along  any  path  of  any  substance  depends 
upon  the  initial  and  final  states  alone,  and  not  upon  the  nature  of  the 
path.  In  Fig.  27,  draw  the  vertical  lines  ax,  by.  The  total  hcr-t 
absorbed  along  ab==nabN,  the  external  work  done  =  xaby.  The 
difference  =  nabN  —  xaby  =  nzbN  —  xazy,  is  the  change  in  internal 
energ>';  H  =-  T  +  I  +  W,  whence  H-  ir  =  (7'H-/);  and  the  extent  of 
these  areas  is  unaffected  by  any  change  in  the  path  ab,  so  long  as  the 
points  a  and  b  remain  fixed. 
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110.  Value  of  y,  A  method  of  computing  the  value  of  y  for  air  has 
been  given  in  Art.  105.  The  apparatus  shown  in  Fig.  30  has  been  used 
by  several  observers  to  obtain  direct  values  for  various  gases.  The  vessel 
was  filled  with  gas  at  P,  F,  and  T,  T  being  the  temperature  of  the  atmos- 
phere, and  P  a  pressure  somewhat  in  excess  of  that 
of  the  atmosphere.  By  opening  the  stopcock,  a 
sudden  expansion  took  place,  the  pressure  falling 
to  that  of  the  atmosphere,  and  the  temperature 
falling  to  a  point  considerably  below  that  of  the 
atmosphere.  Let  the  state  of  the  gas  after  this 
adiabatic    expansion    be    p,    v,    U       Then,    since 

Fig.  30.      Art.  110. -De-  ^  y  :=^}1^P  ZI^^^KZ . 

soriues'  Apparatus.  log  V  —  log  V 

After  this  operation,  the  stopcock  is  closed,  and  the  gas  remaining  in  the 
vessel  is  allowed  to  return  to  its  initial  condition  of  temperature,  T, 
During  this  operation,  the  volume  remains  ccmstant;  so  that  the  final 
state  ispj,  v,  T)  whence  p^v  =  PV,  or  log  V—  log  v  =  logp^  —  log  P.  Sub- 
stituting this  value  of  log  V  —  log  v  in  the  expression  for  y,  we  have 

\0^p—\0crP 
l0gi>2-l0gi^' 

so  that  the  value  of  y  may  be  computed /rom  the  pressure  changes  alone. 
Clement  and  Desormos  obtained  in  this  manner  for  air,  y  =  1.3524 ;  Gay- 
Lussac  and  Wilter  found  //  =  1.3745.  The  experiments  of  Him,  Weisbach, 
Masson,  Cazin,  and  Kohlrausch  were  conducted  in  the  same  manner.  The 
method  is  not  sufficiently  exact. 

111.  Expansions  in  General.  In  adiabatic  expansion,  the  external  work 
done  and  the  change  in  internal  energy  are  equally  represented  by  the 

expression  -^ — ZZ— — ^  derived  as  in  Art.  98.     For  expansion  f rom  w,  v  to 

2/  — 1 
infinite  volume,  this  becomes  ~-^t«     The  external  work  done  during  any 

expansion  according  to  the  law  pv*'  =  PV*  from  pv  to  PV,  is  W=J—^ . 

n  —  1 

The  stock  of  internal  energy  at  j),  v,  is  —^^  =  11;  at  P,  V,  it  is  =  IT. 

The  total  heat  expended  during  expansion  is  equal  to  the  algebraic  sura 
of    the   external   work    done   and  the    internal   energy   gained.     TheHi 

♦  The  final  condition  being  that  of  the  atmosphere,  all  of  the  gas,  both 
within  and  without  the  vessel,  is  at  the  condition  p,  i\  t.  The  change  in  quantity 
(weight)  of  gius  in  the  vessel  during  the  expansion  does  not,  therefore,  invalidate  the 
equation. 
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y  —  ly-1        ?i— 1  yn-^l      y—lj 

=  /a-i)0-r)(^--A_)=z(.-7')(^v^-i) 

=  ?(<—  r)( -^""^  J,  in  which  t  is  the  initial,  and  T  the  final  temperature. 

This  gives  a  measure  of  the  net  heat  absorbed  or  emitted  during  any  ex- 
pansion or  compression  according  to  the  law  77 1-"  =  constant.  When  n 
exceeds  y,  the  sign  of  //  is  minus ;  heat  is  emitted ;  when  n  is  less  than  y 

but  greater  than  1.0,heat  is  absorbed :  the  temperature  falling  in  both  cases. 

When  7i=y,  the  path  is  adiabiitic,  and  heat  is  neither  absorbeil  nor  emitted. 

112.  Specific  Heat.     Since  for  any  change  of  temperature  involving 
a  heat  absorption  Hy  the  mean  specific  heat  is 

H 


8  = 


T-t' 
-we  derive  from  the  last  equation  of  Art.  Ill  the  expression, 


8=1 


n  —  y 


giving  the  specific  heat  along  any  path  pv"  =  PF".  Since  the  values 
of  n  are  the  same  for  isodiahatics,  the  specific  heats  along  such  paths  are 
equal  (Art.  108). 

113.  RAtio  of  Internal  Energy  Change  to  External  Work.      For  any    given 
value  of  fi,  this  ratio  h^  the  constant  value 

n  -  1 

114.  Polytropic  Paths.  A  name  is  needed  for  that  cla&s  of  paths 
following  the  general  law  j)v^=PV'^,  a  constant.  Since  for  any 
gas  y  and  I  are  constant,  and  since  for  any  particular  one  of  these 
paths  n  is  constant,  the  final  formula  of  Art.  Ill  reduces  to 

H  =  {S){t-T). 

In  other  words-,  the  rate  of  heat  absorption  or  emission  is  directly  pro- 
portional to  the  temperature  change;  the  specific  heat  is  constant.  Such 
paths  are  called  polytropic.  A  large  proportion  of  the  paths  exempli- 
fied in  engineering  problems  may  be  treated  as  polytropics.  The 
polytropic  curve  is  the  characteristic  expansive  path  for  constant 
weight  of  fluid. 
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115.  Relations  of  n  and  5.  We  have  discussed  such  paths  in  which  the 
value  of  n  ranges  from  1.0  to  infinity.  Figure  31  will  make  the  concep- 
tion more  general.     Let  a  represent  the  initial  condition  of  the  gas*     If 

p 

\ 


Fig.  31.    Art.  115.  — Polytropic  Paths. 


it  expands  along  the  isothermal  aZ>,  n  =  1,  and  s,  the  specific  heat,  is  infi- 
nite ;  no  addition  of  heat  whatever  can  change  the  temperature.  If  it 
expands  at  constant  pressure,  along  oc,  n  =  0,  and  the  specific  heat  is  finite 
and  equal  to  hj  =  k.  If  the  path  is  ag,  at  constant  volume,  n  is  infinite 
and  the  specific  heat  is  positive,  finite,  and  equal  to  I,  Along  the  isother- 
mal af  (comj)ression),  the  value  of  n  is  1,  and  s  is  again  infinite.  Along 
the  adiabatic  «7i,  n  =  1.402  and  s  =  0.  Along  ai,  n  =  0  and  «  =  A:.  Along 
ad^  11  is  infinite  and  s  =  L  Most  of  these  relations  are  directly  derived 
from  Art.  112,  or  may  in  some  cases  bo  even  more  readily  apprehended  by 
drawing  the  adiabatics,  en,  gX,fm,  /J/,  dp,  bP,  and  noting  the  signs  of  the 
areas  rei)resenting  heats  absorbed  or  omitted  with  changes  in  temperature. 
For  any  path  lying  betAveen  ah  and  af  or  between  «c  and  aft,  the  specific 
heat  is  negative,  i.e.  the  addition  of  heat  cannot  keep  the  temperature  from  fall- 
ing :  nor  its  abstraction  from  rising. 

116.    Relations  of  Curves :  Graphical  Representation  of  ft.     Any  number  of 
curves  may  be  drawn,  following  the  law  py"  =  C,  as  the  value  of  C  is  changed. 


RELATIONS  OF  n  AND  s 


In  Fig.  32,  let  ab,  cd,  e/be  cunr. 
■whence  52*:  +rfp  =  0  or 

If  MTV  is  the  angle  made  by 
the  tangent  to  one  of  the  ciirreB 
irith  the  axis  OV,  and  MOV 
the  angle  formed  by  the  radius 
vector  RM  with  the  axis  OV, 
then,  since  dp  -i-  dv  is  the  tan- 
gent of  MTV,  aiidp  -i-  u  is  the 
tungentof  3/Or, 


Determination  o(  Exponent. 


\MOV. 


If  the  radius  vector  be  produced  as  RMNQ,  tlie  relatioua  of  the  angles  made  W 
tween  the  OKaxis  and  the  successive  tangents  MT,  NS,  QU,  are  to  the  angle 

MOV  tui  just  given;  hence  the  various  tangents 

are  parallel  (4). 

Since  tan  MTV^  Mg  -*■  gT  and  tan  MOV  = 

Mg  ■*■  Og,  the  preceding  equation  gives 

whence  n  =  Og  -^  gT.  (The  algebraic  signs  of 
Og  and  gT,  measured  from  g,  are  diiferent)  In 
order  to  determine  the  value  of  n  from  a  given 
curve,  we  need  therefore  only  draw  a  tangent 
3/7"  and  a  radius  vectur  MO,  whence  by  droi>- 
piiig  the  periiendieular  Mg  the  ri'liilion  Og  -;-  gT 
is  established.  If  we  lay  otf  from  O  the  distance 
OA  aa  a  unit  ot  length,  drawing  AC  parallel  to 
the  tangent,  and   Cli  through  C,  parallel  to  Ihe 

railius  vector,   then    by  similar  triangles 

Og:gT:iOB:OA  &ndOg-^gT^  OB  =  n. 

Kigure  33  illustrates  the  generality  of  this 

method  by  showing  its  application   to   a 

curve  in  which  the  value  ot  n  is  negative. 

117.  Plotting  of  Curves:  Biauer's 
Metbod.  The  following  is  a  simple  tnethocl 
for  the  plotting  of  exponential  ciirve.i,  in- 
rludiug  the  adiabatic,  which  is  ordinarily 
a  tedious  process.  Let  the  point  M, 
Fig.  34,  be  given  aa  one  point  on  the  re- 
quired curve.  Draw  a  line  OA  iii.iking  an 
angle  VOA  with  the  axis  0  V.  and  a  linv 
OB  nuking  an  angle  POSwith  the  axis 
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OP.  Draw  the  vertical  line  MS  tiiid  the  horbontal  line  MT.  Also  draw  tbo 
line  TU  inakiog  an  niigle  of  45'  witli  01',  arxl  tlm  line  SR  malcitig  nn  angle  of 
45°  ffitii  M&.  Draw  the  vertical  line  HN  through  R,  and  the  hiirixontal  line  UH 
through  U.  The  coordinates  of  the  jioint  of  intersection,  N,  of  these  lines,  are 
OR  and  RN.  Let  the  cudrdinates  of  M,  TM  (  =  OQ),  and  MQ,  be  designated  by 
r,p;  andthoseof  AT,  0/i,a[idflJVf=0/,),  by  V.  P.  Then  tan  VOA  =  QS  ^  OQ 
=  QR^  TM  =  C  •"-'■)  -^  '' :  8'"i  ton  POB  =  UL  ^  0L=  TL  ^  NR  =  (p  -  P)  ^  P ; 
wlieiice  r  =  (I  {tan  VOA  +  1)  and  p  =  P  (Uin  FOB  +  IJ,  1(  the  law  of  tli© 
curve  through  M  and'  N  is  to  be/iu"  =  P  I'",  we  obtain 

P{tanPOB+  I)i'"-Pli'(lanFa'l  +  1)5", 

whence  (tan  POB  +  1)  =  (tan  I'O.l  +  1)'.  If  now.  in  tiie  first  place,  we  make  the 
angles  POB,  VOA  Huch  aa  to  fulfill  this  condition,  then  the  point  iV  ami  otheni 
similarly  delerniined  will  be  [xjints  on  a  curve  following  the  law  j)!!"  —  PV'. 


118.    Tabular  Method.    The  acjuatio 


•  =  PI'"  may  be  written  7J  =  ''(  — I 


or  log /I  —  log  P  =  nlog(r-^  r).  If  we  express  Pas  &  definite  initial  pressure  tor 
all  P  I'"  curves,  then  fur  a  s|iecifie  value  of  ii  and  for  definite  ratios  C  -^  c  we  may 
tabulate  snccesaive  valiiea  of  log;^  and  of  p.  Such  tables  for  various  values  of  n 
are  commonly  used.  In  employing  them,  the  final  presaure  is  found  in  ternia  of 
the  initial  jtresaure  for  various  ratios  of  final  to  initial  volume. 

119.   Representation  of  Internal  Enei^.     In  Fig.  35,  let  An  represent 

an  adiabatif.  During  ex|iaii3iiin  from  ..4  to  a,  the  external  work  done  ia 
Afihc,  which,  from  the  law  of  the  adiabatic,  is 
equal  to  the  expenditure  of  internal  energy.  If 
expansion  ia  continued  indefinitely,  the  adiabatic 
All  gradually  approaches  the  axis  OV,  tho  area 
below  it  continually  representing  expenditure  of 
internal  energy,  luitil  with  infinite  expansion  An 
anil  OF"noinniile.  Tlie  internal  energy  ia  then  ex- 
hausted. The  total  internal  energy  of  a  substance 
may  therefore  be  represented  by  the  area  between 
the  adiabatic  through  its  state,  indefinitely  prolonged 


1. 119.— Beprt 


Enci^y. 


to  the  right,  and  the  horizontal  axis. 
from  Art.  Ill, 


Eepresenting  this  quantity  by  E,  tliea 

J-         y-1 

where  v  is  the  initial  volume,  p  the  initial  pressure,  and  y  the  adiabatic 
ex(>onent.     This  is  a  finite  and  commenHurablo  quantity. 

120.   Representation  by  Isodynamlc  Lines.     A  defect  of  the  preceding 

representation  is  that  the  areas  cannot  be  included  on  a  finite  diagram. 
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In  Fig.  36,  consider  the  path  AB.  Let  BC  be  an  adiabatic  and  AC  an- 
isod\'nauiic.  It  is  required  to  find  the  change  of  internal  energy  between 
A  and  B.  The  external  work  done  during  adi- 
abatic expansion  from  Bto  C  is  equal  to  BCcb ; 
and  this  is  equal  to  the  change  of  internal  en- 
ergy between  B  and  C.  But  the  internal  energy 
is  the  same  at  C  as  at  A,  because  AC  is  an 
isodynamic.  Consequently,  the  change  of  in- 
ternal energy  between  ^1  and  £  is  represented 
by  the  area  BCcb;  or,  generally,  by  the  area 
included  between  the  adiabatic  through  the  final 
state,  extended  to  its  intersection  with  the  iso- 
dynamic through  the  initial  state,  and  the  hori- 
zontal axis. 


Fio.  36.  Arts.  120,  121.  — In- 
ternal Energy,  Second  Dia- 
gram. 


121.    Source  of  External  Work.    If  in  Fig.  36  the  path  is  such  as  to  increase 

the  temperature  of  the  substance,  or  ev^en  to  keep  its 
temperature  from  decreasing  as  much  as  it  would 
along  an  adiabatic,  then  heat  must  be  absorbed. 
Thus,  comparing  the  paths  ad  and  ac,  Fig.  37,  OiV 
and  cm  being  adiabatics,  the  external  work  done 
along  ad  is  atlefj  no  heat  is  absorbed,  and  the  internal 
energy  decreases  by  adef.  Along  acy  the  external 
work  done  is  acef,  of  which  ar/^/was  done  at  the  ex- 
pense of  the  internal  energy,  and  acd  by  reason  of 
the  heat  absorbed.      The  total  heat  absorbed  was 

Nacniy  of  which  acd  was  expended  in  doing  external  work,  while  Ndcm  went 

to  increase  the  stock  of  internal  energy. 


Fio.  .^.    Art.  121 .  —  External 
Work  and  Internal  Energy. 


122.   Application  to  Isothermal  Expansion.     If  the  path  is  isothermal,  Fig.  38, 
line  A  By  then  if  BN,  An  are  adiabatics,  we  have, 

W  -{-  X  =  external  work  done, 

jr  +  F=  heat  absorbed  =  W -{-  X, 

W  ■\-  Z  :=  internal  energy  at  A, 

Y  ■\'  Z  —  internal  energy  at  5, 
W  =  work  done  at  the  expense  of  the  in- 
ternal energy  present  at  A, 

X  =  work  done  by  reason  of  the  absori)tion 
of  heat  along  AB, 

Z  =  residual  internal  energy  of  that  originally 
present  at  A, 

Y  =  additional  internal  energy  imparted  by 
the  heat  absorbed ; 
and  since  in  a  perfect  gas  isothermals  are  isodynamics,  we  note  that 

TF  +  Z=r+Zand  W^Y{b). 


Fio.  38.      Art.   122. —  Heat    and 
AVork  in  Isothermal  Expansion. 
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123.    Finite  Area  representing  Heat  £xi>enditure.    In  Fig.  39,  let  ab  be  any 

path,  bn  and  aiV  adiabatics,  arid  ac  an  isodynamic.     The  external  work  done  along 

ab  is  abcle;  while  the  increase  of  internal  energy  is 
bcfd.  The  total  heat  absorbed  is  then  represented  by 
the  combined  areas  abcfe.  If  tbe  path  ab  is  iso- 
thermal, this  construction  leads  to  the  known  result 
that  there  is  no  gain  of  internal  energy,  and  that  the 
total  heat  absorbed  equals  the  external  work.  If  the 
path  be  one  of  those  de- 
scribed in  Art.  115  as  of 
negative  sj>ecific  heat,  we 
may  represent  it  as  a^. 
Fig.  40.  Let  bgm  be  an 
adiabatic.  The  external 
work  done  is  agde.  The  change  of  internal  energy, 
from  Art.  120,  is  bydf,  if  ab  is  an  isodynamic;  and 
this  being  a  negative  area,  we  note  that  internal  en- 
ergy has  been  expended,  although  heat  has  been  ab- 
sorbed. Consequently,  the  temperature  has  fallen.  It 
seems  absurd  to  conceive  of  a  substance  as  receiving  heat  while  falling  in  tem- 
perature. The  explanation  is  that  it  is  cooling,  by  doing  external  work,  faster 
than  the  supply  of  heat  can  warm  it.  Thus,  H  =  T  +  I  +  TT;  but  /f  <  TV;  con- 
sequently, ( 7*  +  /)  is  negative. 


Fig.  39.     Art.  123.— Represen- 
tation of  Heat  Absorbed. 


Fig.  40.     Art.  123.— Nega- 
tive Specific  Heat. 


123  a.  Ordnance.  Some  such  equation  as  that  given  in  Art.  105a  may  apply 
to  the  explosion  of  the  charge  in  a  gun.  Ordinary  gunpowder,  unlike  various  de- 
tonating compounds  now  used,  is  scarcely  a  true  explosive.  It  is  merely  a  rapidly 
burning  mixture.  A  probable  expression  for  the  reaction  with  a  common  type  of 
powder  is 

4  KNO3  +0^  +  8  =  K2CO3  +  KoSO^  -f  N^  +  2  CO2  +  CO. 

It  will  be  noted  that  a  large  proportion  of  the  products  of  combustion  are  solids; 
probably,  in  usual  practice,  from  55  to  70  per  cent.  As  first  formed,  these  may  be 
in  the  liquid  or  gaseous  state,  in  which  case  they  contribute  large  quantities  of 
heat  to  the  expanding  and  cooling  charge  as  they  liquefy  and  solidify. 

When  the  charge  is  first  fired,  if  the  projectile  stands  still,  the  temperature  and 
pressure  will  rise  proportionately,  and  the  rise  of  the  former  will  be  the  quotient  of 
the  heat  evolved  by  the  mean  specific  heat  of  the  products  of  combustion.  Fortu- 
nately for  designers,  the  projectile  moves  at  an  early  stage  of  the  combustion,  so  that 
the  rise  of  pressure  and  teni^^erature  is  not  instantaneous,  and  the  shock  is  more  or 
less  gradual.  After  the  attainment  of  maximum  pressure,  the  gases  expand, 
driving  the  projectile  forward.  AV^Mk  is  done  in  accelerating  the  latter,  but  the 
process  is  not  adiabatic  because  of  the  contribution  of  heat  by  the  ultimately  solid 
combustion  products.  The  temperature  does  fall,  however,  so  that  the  expansion 
is  one  between  the  isothermal  and  the  adiabatic. 

The  ideal  in  design  is  to  obtain  the  highest  possible  muzzle  velocity,  but  this 
should  be  accomplished  without  excessive  maximum  pressures.     The  more  nearly 
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the  condition  of  constant  pressure  can  he  approximated  during  the  travel  of  the 
projectile  from  breech  to  muzzle,  the  better.  Both  velocities  and  pressures  during 
this  traverse  have  been  studied  experimentally ;  the  former  by  the  chronoscope, 
the  latter  by  the  crusher  gage. 

The  suddenness  of  pressure  increase  may  be  retarded  by  increasing  the  density 
of  the  powder,  and  is  considerably  affected  by  its  fineness  and  by  the  shape  and 
uniformity  of  the  g^ins. 

Suppose  1  +  <  lb.  of  charge  to  contain  s  lb.  of  permanently  solid  matter  of  spe- 
cific heat  =  c,  and  that  the  specific  heat  of  the  gaseous  products  of  combustion, 
during  their  combustion,  is  /.  Let  the  initial  temperature  be  0**  F.  Then  the 
temperature  attained  by  combustion  is 

I  -I-  cs 

where  H  is  the  heat  evolved  in  combustion.  During  any  part  of  the  subsequent 
expansion, 

dH  =  Idt  +  pdi\ 
The  only  heat  contributed  is  that  by  the  solid  residue,  and  is  equal  to 

dll  =  -  8cdi  =  Idl  4-  pdv, 

so  that  -  (8C  +  0  dt  zzpdv  =  Rt^, 

V 
—  («C  +  /)  —  =  -ft  — » 

and  between  the  limits  T  and  /, 


where  V  is  the  initial  and  v  the  fiual  volume  of  the  charge.    Xow  since  /?  -  =         , 

.£  =  —  =  (  —  1 .        The  external  work  done  durinc^  expansion  is 
P      vT      \vl 

W=^ pdv  =  ^^Idt  -^scdl  =  (sc  +  /)  (r  -  t) 


k-l 


=  (..0r|i-(l)-^j 


If  we  wish  to  include  the  effect  due  to  the  fact  that  a  iK)rtion,  say  r,  of  the  original 

volume  of  charge  forms  non-gaseous  products,  we  may  write  lor  F,  ^"(1  —  r),  and 

for  Vf  V  —  rVf  and  the  complete  equation  becomes 

k-t 


^.,„,„r(.-(m-r>)-j. 


Suppose   T-iOWf  F.,    «  =  0.6,    c  =  0.1,    /  =  0.18,    A- =  0.25,    r  =  0.02,    r  =  0.0, 
V  =  0^;  then 
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0.07 

W  =  0.24  X  4000  X  778  [  1  -  f  0.02  x  0.4  \  o-m  |  ^  491  qqq  ft-lb. 

1         \0.20- 0.012/       J 

If  U7  be  the  weight  of  projectile,  V^  the  velocity  imparted  thereto,  and  /  the 
**  factor  of  effect "  to  care  for  practical  deductions  from  the  computed  value  of  TV, 
then 

/W  =  lmV,*  =  ^V,'    and 


'.W^ 


.<7»:/' 


to 
which  for  our  conditions,  with  w  =  5,  /=  0.90,  gives 


j.^  ^  ^6i4xi?l|00jMm  =  2390  ft  per  second 

The  maximum  work  possible  would  be  obtained  in  a  gun  of  ample  length,  the 
products  of  combustion  expanding  down  to  their  initial  temperature,  and  would  be, 
for  our  conditions, 

W=77SH  =  778  T(l  +  cs)  =  778  x  4000  x  0.24  =  814,080  ft.-lb. 

The  equation  of  the  expansion  curve  is  pv^  =  const,^  where  n  has  the  value 

k  -{■  SC  ,  e  j«4.'      ^  0.31       ,  -  , 

— L —  ;  or,  for  our  conditions  — —  =  1.3,  nearly. 

/  +  SC  0.24  '  ^ 

Viewing  the  matter  in  another  way :  the  heat  contributed  by  the  solid  residues 
is  that  absorbed  by  the  gases ;  or 

where  si  is  the  specific  heat  of  the  gases  daring  expansion. 

Then  s,  =  /  ^-^^  and  n  =  ^-^^ ,  as  before. 

n  —  I  I  -\-  SC 

The  external  work  done  during  expansion  is 
from  which  the  equation  already  given  may  be  derived. 

Modifications  in  Irreversible  Processes 

124.  Constrained  and  Free  Expansion.  In  Art.  86  it  was  assumed  that 
the  path  of  the  substance  was  one  involving  changes  of  volume  against  a 
resistance.  Such  changes  constitute  constrained  expaiision.  In  this  pre- 
liminary analysis,  they  are  assumed  to  take  place  slowly,  so  that  no 
mechanical  work  is  done  by  reason  of  the  velocity  with  which  they  are 
effected.  When  a  substance  expands  against  no  resistance,  as  in  Joule's 
experiment,  or  against  a  comparatively  slight  resistance,  we  have  what  is 
known  as  free  expansion,  and  the  external  work  is  wholly  or  partly  due 
to  velocity  changes. 
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125.  Rerersibility.  All  of  the  polytropic  curves  which  have  thus  far 
been  discussed  exemplify  constrained  expansion.  The  external  and  in- 
ternal pressures  at  any  state,  as  in  Art.  86,  differ  to  an  infinitesimal 
extent  only :  the  quantities  are  thei-efore  in  finite  terms  equal,  and  the 
processes  may  be  worked  at  will  in  either  direction.  A  polytropic  path 
having  a  finite  exponent  is  in  general,  then,  reversible,  a  characteristic  of 
fundamental  importance.  During  the  adiabatic  process  which  occurred 
in  Joule's  experiment,  the  externally  resisting  pressure  was  zero  while 
the  internal  pressure  of  the  gas  was  finite.  The  process  could  not  be 
reversed,  for  it  would  be  impossible  for  the  gas  to  flow  against  a  pressure 
greater  than  its  own.  The  generation  of  lu*at  by  friction,  the  absorption 
of  heat  by  one  body  from  another,  etc.,  are  more  familiar  instances  of 
irreversible  process.  Since  these  actions  take  place  to  a  greater  or  less 
extent  in  all  actual  thermal  phenomena,  it  is  itnix)ssible  for  any  actual 
process  to  be  perfectly  reverttiUe.  **A  process  affecting  two  substances  is 
reversible  only  when  the  conditions  existing  at  the  commencement  of  the 
process  may  be  directly  restored  without  compensating  changes  in  other 
botlies." 

126.  Irreversible  Expansion.     In  Fig.  41,  let  the   substance   expand 
unconstrainedly,  as  in  Joule's  exi>eriment,  from  a  to  b,  this  expansion 
being  produced  by   the  sudden  decrease   in   ex-     ^ 
temal    pressure   when   the    stoi>cock   is   opened. 
Along  the  path  ab,  there  is  a  violent  movement  of 
the    particles    of   gas;  the   kinetic   energy    thus 
evolved  is  transformed  into  pressure  at  the  end 
of  the  expansion,  causing  a  rise  of  pressure  to  c. 
The  gain  or  loss  of  internal  energy  depends  solely 
upon  the  states  a,  c;  the  external  work  done  does      Fig.  41.    Art.  1J>.— Irre- 
not  depend  on  the  irreversible  path  ab,  for  with  versible  Path. 

a  zero  resisting  pressure  no  external  work  is  clone.     The  theorem  of  Art.  S6 
is  true  only  for  reversible  operations. 

127.  Irreversible  Adiabatic  Process.  Careful  consideration  should  be 
given  to  unconstrained  adiabatic  processes  like  those  exemplified  in  Joule's 
experiment.  In  that  instance,  the  temperature  of  the  gas  was  kept  up  by 
the  transformation  back  to  heat  of  the  velocity  energy  of  the  rai)idly 
moving  particles,  through  the  medium  of  friction.  We  have  here  a  special 
ease  of  heat  absorption.  No  heat  was  nM-eived  /ro//t  without  ;  the  gas 
remained  in  a  heat-insulated  condition.  While  the  process  conforms  to 
the  adiabatic  definition  CArt.  83),  it  involves  an  action  luA  contemplated 
when  that  definition  was  framed,  viz.,  a  reception  of  heat,  not  from  sur- 
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ronnding  bodies,  but  from  the  mechanical  action  of  the  substance  itself. 
The  fundamental  formula  of  Art.  12  thus  becomes 

£r=r+  /+  W  +  F, 

in  which  V  may  denote  a  mechanical  effect  due  to  the  Velocity  of  the 
particles  of  the  substance.  This  subject  will  be  encountered  later  in 
important  applications  (Arts.  175,  176,  426,  513). 

Further  Application  of  the  Kinetic  Theory 

127  a.    The  Two  Specific  Heats.    The  equation  has  been  derived  (Art.  55), 

W      .     M      . 
^       3g  3         ' 

in  which  p  =  the  specific  pressure  exerted  hy  a  gas  on  its  hounding  surfaces ; 
V  =  the  aggregate  volume  (not  the  specific  volume)  of  the  gas, 

JV  =  the  weight  of  the  gas,  whence  -^  =  its  specific  volume, 

3f  =  its  mass, 

w  =  the  average  velocity  of  all  of  the  molec\iles  of  the  gas. 
The  kinetic  theory  asserts  that  the  absolute  temperature  is  proportional  to  the 
mean  kinetic  energy  per  molecule.  In  a  gas  without  intermolecular  attractions 
the  application  of  heat  at  unchanged  volume  can  only  add  to  the  kinetic  energy  of 
molecular  vibration.  In  passing  between  the  temperatures  t^  and  t^  then,  the  ex- 
penditure of  heat  may  be  written 

Hi  =  -—a-  -  —^  =  -  (fr,«  -  tr^a).  (A) 

If  the  operation  is  performed  at  constant  pressure  instead  of  constant  volume 
the  expenditure  of  heat  will  be  greater,  by  the  amount  of  heat  consumed  in  per- 
forming external  work,  p(v2  —  t'l).     From  C|iarles*  law, 

Ha  —  {a  —  ^^^-'2^  ^  Mw^^  _  /m^V'^. 
r^"/,  ~"     2  2     ~\wj 

Then  £2  __  i  _.  f  ?^V—  1  • 


I'a 


The  external  work  is  then 


Iw2^  —  u\^\ 


P('-2  -  y,)  =  — -»-  •  i\  [    '  '     =  -  (W2^  -  wi8),  (B) 

and  the  total  heat  expended  is 

H,  =  A  +  B  =  ^{w^^  -  tri2).  (C) 

If  we  divide  C  by  A,  we  obtain 

i/jt      0.1/     M     10      1  (.(.^ 

y  =  — -  = r-  -- -  =  —  =  1.007, 

^      7/,         G         2        C 
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which  would  be  the  ratio  of  the  specific  heats  for  a  perfect  monatomic  gas.  In 
such  a  gas,  the  molecules  are  relatively  far  apart,  and  move  in  straight  lines.  In 
a  polyatomic  gas  (in  which  each  molecule  consists  of  more  than  one  atom),  there 
are  interattractions  and  repulsions  among  the  atoms  which  make  up  the  molecule. 
Clausius  has  shown  that  the  ratio  of  the  intramolecular  to  the  ** straight  line"  or 
ti-inslational  energy  is  constant  for  a  given  gas.  If  we  call  this  ratio  m,  then  for 
the  polyatomic  gas 

//,=(l+m)^(rr2«-irx2) 

//,  =  (1  +  m)  ^(ft'oa  -  tri2)  +  ^(^2  ^  «,^2) 

^2  O 

^      Hi        0     M{\  +  tn)      3  + 3m* 
If  iM  —  0,  this  becomes  |,  as  for  the  monatomic  gas.     The  equation  gives  also, 

m  =  '^~  ^^'    For  oxygen,  with  v  =  1.4,  m  =  ^Liziir  =  5:5  =  0.667. 
3y-3  ^^    '  ^  4.2-3     1.2 

127  b.  Some  Applications.     Writing  the  iirst  equation  given  in  the  ibrm 

W  ^ 

we  have  for  1  lb.  of  air  at  standard  conditions 


IT,  =  V3  X  53.36  X  4J)2  x  3iM>  ^  1593  ft.  per  second, 

the  velocity  of  the  air  molecule.     Xoting  also  that  w  =  (/)  Vv  under  standard  con- 
ditions, we  obtain  for  hydrogen 


ir*  =  1593a/'-—--  =  6270  ft.  per  second. 
>  12.387  ^ 

These  are  mean  velocities.  Some  cf  the  molecules  are  moving  more  rapidly,  some 
more  slowly. 

The  molecular  velocities  of  course  increase  with  the  temperature  and  are 
higher  for  the  lighter  gases.  A  mixture  of  gases  inclosed  in  a  vessel  containing 
an  orifice,  or  in  a  porous  container,  will  lose  its  litj^hter  constituents  first ;  because, 
since  their  molecular  velocities  are  higher,  th<'ir  molecules  will  have  briefer 
periods  of  oscillation  from  side  to  side  of  the  containing  vessel  and  will  more 
frequently  strike  the  pores  or  orifices  and  escape.  This  principle  explains  the  com- 
mercial separation  of  mixed  gases  by  the  process  of  osmosis. 

In  any  actual  (polyatomic)  gas,  the  molecules  move  in  paths  of  constantly 
changing  direction,  and  consequently  do  not  travel  far.  The  diffusion  or  perfect 
mixture  of  two  or  more  gases  brought  together  is  therefore  not  an  instantaneous 
pr(xress.  High  temperatures  expedite  it,  ami  it  is  relatively  more  rapid  with  the 
lighter  gas«?s. 

We  mav  assume  -that  intramolecular  enerijv  is  related  to  a  rotation  of  atoms 
about  some  common  center  of  attraction.  The  intramolecular  energy  has  been 
shown  to  be  proportional  to  the  temperature.  A  teni{)erature  may  be  reached  at 
which  the  total  energ}-  of  an  atomic  system  may  be  so  greatly  increased  that  the 
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■;st«in  itself  will  be  broken  up,  stoma  flying  off  perhaps  to  form  new  bonds,  t 
molecules,  new  aubsCancea.  This  breaking  up  of  molecules  is  called  ditiociatlon. 
In  farming  new  atojuic  bonds,  heat  may  l>e  generated;  and  when  tliia  generation 
of  heat  occura  with  sufficient  rapidity,  tlie  process  beiruinea  self-sustaining ;  ■'.  c 
temperftliire  will  Iw  kept  up  to  the  dissociation  point  without  any  supply  of  heat 
from  extraneous  sources.  If,  as  in  many  cases,  the  generation  of  heat  \»  less  rapid 
than  this,  dissociation  of  the  atoms  will  cease  aft«r  the  external  source  of  beat  haa 

According  to  a  theorem  in  analytical  mechanics,*  there  is  an  initial  velocity, 
easily  oonipnted,  at  which  any  body  projected  directly  upward  will  escape  from  th« 
sphere  of  gravitational  attraction  and  never  descend.  For  earth  conditions,  this 
Telocity  is,  irrespective  of  the  weight  of  the  body,  6.1).")  miles  per  second  ^  3Q,6S0  ft, 
per  second,  ignoring  atmospheric  resi.Htance.  Now  there  is  little  doubt  that  same 
of  the  molecules  of  tlie  lighli-r  ga;iies  move  at  speeds  exceeding  this ;  so  that  it  i 
quite  possible  that  these  lighter  gases  may  be  gradually  escaping  from  our  planeL 
()n  a  sniall  asteroid,  where  the  gravitational  attraction  waa  less,  nmcb  lowur 
velocities  would  suffice  hi  lilterate  the  n)olecu1i«,  and  on  some  of  these  bodit« 
there  cuuld  be  no  atmosphere,  because  the  vtlocity  at  which  liberation  o 
less  than  the  normal  velocities  of  the  nitrogen  and  oxygen  moWules- 

(I)  Thermodynamics,  1907,  p.  18.  (2)  Alexander,  TnraUe  on  Thermodynamics, 
1803,  p.  105.  (3)  Wormell,  Thtnnodynamic^,  123;  Alexander,  Tkermodynamicg, 
103;  Itanltine,  The  Stram  Engirm.  249,  321;  Wood,  Theniiodynomiai,  71-77,  437. 
(4)  Zeuner.  Technical  Thcrmodynamiai,  Klein  tr.,  I,  156.  (5)  Ripper,  Steam  Engina 
Theory  and  Practice.  1895,  17. 


SYNOPSIS   OF   CHAITER   V 

Pressure,  volume  and  temperature  as  Ihermodj/nnmic  eoSnilnata. 

Tkennnt  line,  the  locus  o[  a  series  of  successive  stales ;  pal/i.  a  projected  thermal  line. 

Patlis :   (tothermal,   constant   temperature ;    igodgnamic,   constant    internal  energy ; 

adialiaU'e,  no  transfer  uf  heal  to  or  from  surrounding  bodies. 
The  geometrical  represcntatlou  of  the  cliaracterisiic  equation  is  a  gur/nee. 
The  P  V  diagram :  subtended  areas  repi'esent  trternat  wnirk ;  a  tycie  is  an  enclosed 

fl;iare ;  its  area  represeuts  etteraal  work ;  It  represents  also  the  net  expenditure  (^ 

The  isolflri-niai .-  pi»"  =  c  in  which  «  =  1,  an  equilatenil  hyperbola ;  the  extenial  work- 
done  Is  equivalent  to  the  heat  absorbed,  =}m  log,  —  :  with  a  perfect  gas,  it  cofii- 
rtdes  viith  the  tiotlunamlc.  ' 

PiUh»iii  general:  pr"  =  c ;  external  work  =f  ~        ;  —  =  ^-^1  ~";  —  =  ( ^\"»^. 

..-1  ■  7-  1,1-;  '  t  [p) 

The  adtafiatic :  the  external  work  done  is  equivalent  to  the  expenditure  ot  internal 
enargy  I  pii»«c;  ^  =  1.402;  computation  from  the  velocity  of  sound  in  air  [  vrave 
velocities  with  extreme  pressure  changes. 

The  heat  absorbed  along  any  patli  is  represented  by  the  :iiea  between  that  path  and 
the  two  projected  itdiabatlcs  ;  representation  of  Jt  ami  I. 

*  See,  for  example.  Bowser's  Analytic  Ueehanics,  1908,  p.  301. 
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Isodiabaties :  nx^^r^;  equal  specific  heats ;  equality  of  property  ratios. 

Rankiiie's  derivation  of  Joule's  law :  t?ie  change  of  internal  energy  between  two  Btatei 

i§  independent  of  the  path. 
Apparatus  for  determining  the  value  of  y  from  pressure  changes  alone. 

Along  any  path  /w*  =  c,  the  heat  absorbed  is  l{t  —  T)\j  ^    \ ;  the  mean  specific  heat 

is  /'*"?'    Such  paths  are  called  poly  tropics.    Values  of  n  and  s  for  various  paths. 
»  — 1 

Graphical  method  for  determining  the  value  of  n  ;  Brauer^s  method  for  plotting  poly- 
tropics  :  the  tahular  method. 

Grai^ical  representations  of  internal  energy  ;  representations  of  the  sources  of  external 
work  and  of  the  effects  of  heat ;  finite  area  representing  heat  expenditure. 

Polytropic  expansion  in  ordnance. 

Irreversible  processes :  constrained  and  free  expansion ;  reversibility  ;  no  actual  proc- 
ess is  reversible  ;  example  of  irreversible  process ;  subtended  areas  do  not  repre- 
sent external  work  ;  in  adiabatic  action,  heat  may  be  received  from  the  mechani- 
cal behavior  of  the  substance  itself;  n=T'\-I-\-  W-\-V;  further  applications  of 
the  kinetic  theory. 


Use  of  Hyperbolic  Functions :  Tyler's  Method.  Given  a:*  =  a,  let  if*  =  e*.  Then 
m  log.  X  =  «  and  X*  =  e*'^**.     Adopting  the  general  forms 

€*  =  cosh  t  +  sinh  ty 
e-'  =  cosh  /  —  sinh  t, 
we  have 

a:"  =  cosh  (to  log.  x)  -\-  sinh  (m  log.  x),  where  m  log.  x  is  positive ; 
t»  =  cosh  (m  log,  x)  —  sinh  (m  log.  x),  where  m  log.  x  is  negative. 

If  now  we  have  a  table  of  the  sums  and  differences  of  the  hyperbolic  functions, 
and  a  table  of  hyperbolic  logarithms,  we  may  practically  without  computation  ob- 
tain the  value  of  z*.    Thus,  take  the  expression 


f  14.7  y-^ 


Here  x  =  0.1281,  m  =  0.29,  to  log.  x  =  -  0.596,  (cosh  -  sinh)  to  log.  x  =  0.552. 
The  limits  of  value  of  x  may  be  fixed,  as  in  the  preceding  article,  as  0  and  1.0. 
For  X  =  0,  TO  log.  X  =  —oc,  and  the  method  would  require  too  extended  a  table  of 
hyperbolic  functions.  But  if  we  use  the  general  form  in  which  x  >  1.0  and  usually 
<10.0,  m  ]oge  *  will  rarely  exceed  10.0,  and  the  method  is  practicable. 

For  a  fuller  discussion,  with  tables,  see  paper  by  Tyler  in  the  Polytechnic  En- 
gineer,  1912. 
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NOTES  ON  LOGARITHMS 

Definitions;  log  x  or  com  log  a:=n,  where  10"= a;. 
log«x=m  where  e'"=x,  e =2.7183+. 
loge  X  =  (2.3026)  log  X. 

Characteristic  and  Mantissa:  the  log  consists  of  a  characteristic ^  integral  and  either 
positive  or  negative;  and  a  mantissa^  a  positive  fraction  or  decimal.  Dividing  or 
multiplying  a  number  by  10  or  any  multiple  thereof  changes  the  characteristic  of 
the  log,  but  not  its  mantissa.    Thus, 

Characteristic    Mantissa 


log      2 

= 

0 

0.30103 

written 

0.30103 

log    20 

^ 

1 

0.30103 

written 

1.30103 

log  200 

=s 

2 

0.30103 

written 

2.30103 

log      0.2 

= 

-1 

0.30103 

written 

1.30103 

and  equivalent  to  —0.69897 
log     0.02  =  -2  0.30103  written  2.30103 

and  equivalent  to  —1.69897 

Operations  with  logarithms: 

log  (aX6)  =log  a -flog  6.  Remember  also: 

I 
log  (0-5-6)  =log  o — log  6.  x«  =  ^x, 

_«     1 

log  (a)**     =nlogo.  x   "  =  — -. 

XT 

log  (o)"     =log -^a= . 

n 

Negative  sign:  the  signs  of  negative  characteristics  must  be  carefully  con- 
sidered.    Thus;  to  find  the  vahie  of  0.02"®^^ 

log  0.02  =2.30103  =  -2.0-1-0.30103. 
-0.37  log  0.02=  -0.37( -2.0+0.30103)  =0.74-0.1114=0.6286. 

=  log  {J,.2rr2  =  ^m~^'^'^). 

WTien  the  final  logarithm  ccmo.s  out  negative,  it  must  he  converted  into  loga- 
rithmic form  (negative  charactcri.stic  and  positive  mantissa)  by  adding  and  sub- 
tracting 1.     Thus  -0.6286=  1.37 14=  log  0.2352. 

For  example,  to  find  the  value  of  0.02^^^: 

log  0.02  =  2.30103  =  -2.0+0.30103 

0.37  log  0.02=0.37(-2.0+0.30103)  =  -0.74+0.1114  =  -0.6286  =  1.3714 
=log  (0.2352=0.02^-^^). 
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PROBLEIIS 

1.  On  a  perfect  gas  diagram,  the  codrdinates  of  which  are  internal  energy  and 
▼ohime,  construct  an  isodynamic,  an  isothermal,  and  an  isometric  path  through  E 
(internal  energy)  =2,  F  «  2. 

2.  Plot  accurately  the  following:  on  the  TV  diagram,*  an  adiabatic  through 
r«270,  F=10;  an  isothermal  through  r=300,  r=20;  on  the  TPf  diagram,  an 
adiabatic  through  T=230,  P  =  5;  an  isothermal  through  T«190,  P=30.  .  On  the 
XV  diagram,  {  show  the  shape  of  an  adiabatic  path  through  ^=^240,  F=  10. 

3.  Show  the  isometric  path  of  a  perfect  gas  on  the  PT  plane ;  the  isopiestic,  on 
the  rr  plane. 

4.  Sketch  the  TV  path  of  wax  from  0**  to  290**  F.,  assuming  the  melting  point  to 
be  90**,  the  boiling  point  290**,  that  wax  expands  in  melting,  and  that  its  maximum 
density  as  liquid  is  at  the  melting  point. 

5.  A  cycle  is  bounded  by  two  isopiestic  paths  through  P=110,  P=100  (pounds 
per  square  foot),  and  by  two  isometric  paths  through  F=  20,  F=10  (cubic  feet). 
Find  the  heat  expended  by  the  working  substance.     (Ans.^  0.1285  B.  t.  u.) 

6.  Air  expands  isothermally  at  32°  F.  from  atmospheric  pressure  to  a  pressure  of 
6  lb.  absolute  §  per  square  inch.     Find  its  specific  volume  after  expansion. 

{Ans.,  36.42  cu.  ft.) 

7.  Given  an  isothermal  curve  and  the  OV  axis;  find  graphically  the  OP  axis. 

S.  Prove  the  correctness  of  the  construction  described  in  Art.  93. 

9.  Find  the  heat  absorbed  during  the  expansion  described  in  Problem  6. 

{Ans.j  36.31  B.t.u.) 

m 

10.  Find  the  specific  heat  for  the  path  PV^-^^c^  for  air  and  for  hydrogen. 

{Atis.^  air,  —0.1706;  hydrogen,  —2.54.) 

11.  Along  the  path  PV^-^  —  c,  find  the  external  work  done  in  expanding  from 
P-slOOO,  F  =  10,  to  F«100.  Find  also  the  heat  absorbed,  and  the  loss  of  internal 
energy,  if  the  substance  is  one  pound  of  air.  Units  are  pounds  per  square  foot  and 
cMefeei.     (Ans,,  Tr=  18,450  ft.-lb. ;  fr=  11,796  B.  t.  u. ;  ^1-^,  =  11.8  B.  t.  u.) 

12.  A  perfect  gas  is  expanded  from  p  =  400,  t)  =  2,  t=rl200,  to  P  =  60,  F=220- 
Find  the  final  temperature.     (Ans,,  19,800°  abs.) 

13.  Along  the  path  PV^-^^c,  a  gas  is  expanded  to  ten  times  its  initial  volume  of 
10  cnbic  feet  per  pound.  The  initial  pressure  being  1000,  and  the  value  of  R  53.36, 
find  the  final  pressure  and  temperature.     (See  Problem  11.) 

{Ans.,  p  =  63.1  lb.  per  sq.  ft.,  t=  118.25°  abs.) 

14.  Throogh  what  range  of  temperature  vnll  air  be  heated  if  compressed  to  10 
atmospheres  from  normal  atmospheric  pressure  and  70°  F.,  following  the  law  p«i-3  =c  ? 
What  will  be  the  rise  in  temperature  if  the  law  is  pv^—c  ?    If  it  is  pv=c  ? 

(Ans.,  a,  371.3°  ;  6,  495° ;  c,  0*). 

■i-iT'-     'T-i^f-      <!-©■"■■ 

{  Absolute  pressures  are  pressures  measured  above  a  perfect  vacuum.  The  abso- 
lute preflBore  of  one  standard  atmosphere  is  14.697  lb.  per  square  inch. 
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15.  Find  the  heat  imparted  to  one  pound  of  this  air  in  compressing  it  as  described 
according  to  the  lawpt>i.3— c,  and  the  change  of  internal  energy. 

(Ans.,  Zr2-fii=  -21.6B.  t.u. ;  Ei—Ei  =  Q3A  B.t.  u.) 

16.  In  Problem  14,  after  compression  along  the  path  p«i-3  =  c,  the  air  is  cooled 
at  constant  volume  to  70**  F.,  and  then  expanded  along  the  isodiabatic  path  to  its 
initial  volume.    Find  the  pressure  and  temperature  at  the  end  of  this  expansion. 

{Ans.,  p  =8.64  lb.  per  sq.  in.,  t  =311o  abs.) 

17.  The  isodiabatics  a&,  cd,  are  intersected  by  lines  of  constant  volume  ac,  bd. 
ProveJi=J»and^=^. 

^C  "d  ^C         ^d 

18.  In  a  room  at  normal  atmospheric  pressure  and  constant  temperature,  a 
cylinder  contains  air  at  a  pressure  of  1200  lb.  per  square  inch.  The  stopcock  on  the 
cylinder  is  suddenly  opened.  After  the  pressure  in  the  cylinder  has  fallen  to  that  of 
the  atmosphere,  the  cock  is  closed,  and  the  cylinder  left  undisturbed  for  24  hours. 
Compute  the  pressure  in  the  cylinder  at  the  end  of  this  time. 

{Ans.^  51.94  lb.  per  sq.  in.) 

19.  Find  graphically  the  value  of  n  for  the  polytropic  curve  a5.  Fig.  41. 

20.  Plot  by  Brauer's  method  a  curve  pci.8  =  26,200.  Use  a  scale  of  1  inch  per 
4  units  of  volume  and  per  80  units  pressure.     Begin  the  curve  with  p=  1000. 

21.  Supply  the  necessary  figures  in  the  following  blank  spaces,  for  ii  =  1.8,  and 
apply  the  results  to  check  the  curve  obtained  in  Problem  20.  Begin  with  v  =  6.12, 
p  =  1000. 

—  =  2.0,     2.25,     2.50,     3.0,     4.0,     5.0,     6.0,     7.0,     8.0 

log^=nlog-  = 
p 

P= 

22.  The  velocity  of  sound  in  air  being  taken  at  1140  ft.  per  second  at  70®  F.  and 
normal  atmospheric  pressure,  compute  the  value  of  y  for  air.     (^rw.,  1,4293.) 

23.  Compute  the  latent  heat  of  expansion  (Art.  58)  of  air  from  atmospheric 
pressure  and  at  32°  F.     {Aiis.^  2.615  B.  t.  u.) 

24.  Find  the  amount  of  heat  converted  into  work  in  a  cycle  1234,  in  which 
Pi  =  P4  =  100,  Fi=5,  F4  =  l,  P3  =  30  (all  in  lb.  per  sq.  ft.),  and  the  equations  of  the 
paths  are  as  follows;  for  41,  PVo^c;  for  12,  PVy^c;  for  32,  PF=c;  for  43, 
PV^-^==^c,  The  working  substance  is  one  pound  of  air.  Find  the  temperatures  at 
the  points  1,  2,  3,  4. 

(^rw.,  2/^=1.386  6.  t.u.;    ^1  =  9.37°;    73  =  1.097";    72  =  1.097**;  T4  =  1.874^) 

25.  Find  the  exponent  of  the  polytropic  path,  for  air,  along  which  the  specific 
heat  is  —k.  Also  that  along  which  it  is  —I.  Represent  these  paths,  and  the  amounts 
of  heat  absorbed,  graphically,  comparing  with  those  along  which  the  specific  heats  are 
k  and  i,  and  show  how  the  diagram  illustrates  the  meaning  of  negative  specific  heat. 

(^ns.,  for  s=  -fc,  n  =  1.167;  for  8=  —  Z,  n  =  1.201.) 

26.  A  gas,  while  undergoing  compression,  has  expended  upon  it  38,900  ft.  lb.  of 
work;  meanwhile,  it  loses  to  the  atmosphere  20  B.  t.  u.  of  heat.  What  change  occurs 
in  its  internal  energy? 
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27.  One  pound  of  air  under  a  pressure  of  150  lb.  per  sq.  in.  occupies  4  cu.  ft. 
What  is  its  temperature?  How  does  its  internal  energy  compare  with  that  at  atmos- 
pheric pressure  and  32°  F.? 

28.  Three  cubic  feet  of  air  expand  from  300  to  150  lb.  pressure  per  square  inch,  at 
constant  temperature.    Find  the  values  of  H,  E  and  W. 

29.  How  much  work  must  be  done  to  compress  1000  cu.  ft.  of  normal  air  to  a  pres- 
sure of  ten  atmospheres,  at  constant  temperature?  How  much  heat  must  be  removed 
during  the  compression? 

30.  Air  is  compressed  in  a  water-jacketed  cylinder  from  1  to  10  atmospheres;  its 
q;>ecific  volume  being  reduced  from  13  to  2.7  cu.  ft.  How  much  work  is  consumed  per 
cubic  foot  of  the  original  air? 

31.  Let  p=200,  tj  =  3,  Ps*  100,   V^5.     Find  the  value  of  n  in  the  expression 

32.  Draw  to  scale  the  PT  and  TV  representations  of  the  cycle  described  in 
Prob.  24. 

33.  A  pipe  line  for  air  shows  pressures  of  200  and  150  lb.  per  square  inch  and  tem- 
peratures of  160®  and  100°  F.,  at  the  inlet  and  outlet  ends,  respectively.  What  is  the 
loss  of  internal  energy  of  the  air  during  transmission?  If  the  pipe  line  is  of  uniform 
size,  compare  the  velocities  at  its  two  ends. 

34.  If  air  is  compressed  so  that  pv^-^=c^  find  the  amount  of  heat  lost  to  the  cyl- 
inder walls  of  the  compressor,  the  temperature  of  the  air  rising  150°  F.  during  com- 
pression. 
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THE  CARNOT  CYCLE 


128.  Heat  Engines.  In  a  heat  engine,  work  is  obtained  from 
heat  energy  through  the  medium  of  a  gas  or  vapor.  Of  the  total 
heat  received  by  such  fluid,  a  portion  is  lost  by  conduction  from  the 
walls  of  containing  vessels,  a  portion  is  discharged  to  the  atmosphere 
after  the  required  work  has  been  done,  and  a  third  portion  disap- 
pears^ having  been  converted  into  external  mechanical  work.  By 
the  first  law  of  thermodynamics,  this  third  portion  is  equivalent  to 
the  work  done  ;  it  is  the  only  heat  actually  used.  The  efficiency  of  a 
heat  engine  is  the  ratio  of  the  net  heat  utilized  to  the  total  quantity  of 
heat  supplied  to  the  engine,  or,  of  external  work  done  to  gross  heat 

W    H—  h 
absorbed;  to  — .=  — — — ,  in  which  h  denotes  the  quantity  of  heat 

rejected  by  the  engine,  if  radiation  effects  be  ignored. 


129.  Cyclic  Action.  In  every  heat  engine,  the  working  fluid  passes 
through  a  series  of  successive  states  of  pressure,  volume,  and  teinperatui*e  ; 
and,  in  order  that  operation  may  be  continuous,  it  is  necessary  either  that 
the  fluid  work  in  a  closed  cycle  which  may  be  repeated  indefinitely,  or 
that  a  fresh  supply  of  fluid  be  admitted  to  the  engine  to  compensate  for 
such  quantity  as  is  periodically 
discharged.  It  is  convenient  to 
regard  the  latter  more  usual  ar- 
rangement as  equivalent  to  the 
former,  and  in  the  first  instance 
to  study  the  action  of  a  constant 
body  of  fluid,  conceived  to  work 
continuously  in  a  closed  cycle. 


1^* 

K 

\%.\ 

>5i.l 

^ 

130.  Forms  of  Cycle.  The  sev- 
eral {mtli8  described  in  Art.  83,  and 
others  less  coniinonly  considered,  sug- 
gest various  possible  forms  of  cycle, 
some  of  which  are  illustrated  in  Fig. 
42.  ;Many  of  these  have  been  given  names  (1).  The  isodiahatic  cycle,  bounded  by 
two  isothermals  and  any  two  isodiabatics  (Art.  108),  may  also  be  mentioned. 

76 


Fkj.  42.    Art.  130,  Problem  2.— Possible  Cycles. 
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131.  Development  of  the  Carnot  Cycle.  Carnot,  in  1824,  by  describing  and 
analyzing  the  action  of  the  ixjrfect  elementary  heat  engine,  effected  one  of  the 
most  important  achievements  of  modern  physical  sci«'nce  (2).  Carnot,  it  is  true, 
worked  with  insufficient  data.  Being  ignorant  of  the  first  hiw  of  thermodynamics, 
and  holding  to  the  caloric  theory,  he  asserted  that  no  heat  Wiis  lost  during  the 
cyclic  process;  but,  though  to  this  extent  founded  on  error,  his  main  conchisiona 
were  correct.  Before  his  death,  in  18.3:?,  Carnot  was  \oi\  to  a  more  just  conception 
of  the  true  nature  of  heat;  while,  left  as  it  was,  his  work  has  been  the  starting 
point  for  nearly  all  subsequent  investigations.  The  Carnot  engine  is  the  limit 
and  standard  for  all  heat  engines. 

Clapeyron  placed  the  arguments  of  Carnot  in  analytical  and  graphical  form ; 
Clausius  expressed  them  in  terms  of  the  mechanical  theory  of  heat;  James  Thomjv 
son.  Raukine,  and  Clerk  Maxwell  corrected  Carnot's  assumptions,  redeseribed  the 
cyclic  process,  and  redetermined  the  result,s ;  and  Kelvin  {}\)  expressed  them  in 
their  final  and  satisfactory  modern  form. 


132.  Operation  of  Carnot*s  Cycle.  .Vdopting  Kelvin's  method, 
the  operation  on  the  Carnot  engine  may  be  deseribeil  by  reference 
to  Fig.  43.     A  working  piston  moves  in  the  ci/Vuider  c,  the  walls  of 

which  are  non-condiict- 


— £ 


^  ing,  wliile  the  liead  is 

^    *   \         \\ff  I    -"^^  ^     perfect    condnctor. 


~\rf^ 


The     piston    itself     is 

Fio.  43.    Arts.  132,  138.— Operation  of  the  Carnot  Cycle.  ,       ^  , 

a  non-conductor  and 

moves  without  friction.     The  bodv  «  is  an   infinite    source  of  heat 

•.  .  • 

(the  furnace^  in  an  actual  power  plant)  maintained  constantly  at 
the  temperature  T^  no  matter  how  much  heat  is  abstracted  from  it. 
At  r  is  an  infinite  condenser,  cai)able  of  receiving  any  (quantity  of 
heat  whatever  witliout  undergoing  any  elevation  of  temperature 
above  its  initial  temperature  ^  The  j)latc/*is  assumed  to  be  a  per- 
fect non-conduc.tor.  The  fluid  in  the  cvlinder  is  assumed  to  be 
initially  at  the  temperature  Tof  the  source. 

The  cylinder  is  placed  on  «.  Heat  is  received,  but  the  tempera- 
ture does  not  change,  since  both  cylinder  and  source  are  at  the 
same  temj)erature.  External  imrk  in  done,  as  a  result  of  the  recep- 
tion of  heat;  the  piston  rises.  AVben  this  o[)eration  has  continued 
for  some  time,  the  cylinder  is  instantaneously  transferred  to  the  non- 
conducting plate  f.  The  piston  is  now  allowed  to  rise  from  the  expan- 
sion produced  by  a  decrease  of  the  internal  enen/f/  of  the  fluid.  It 
continues  to  rise  until  the  temperature  of  the  fluid  has  fallen  to  t, 
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that  of  the  condeuser,  when  the  cylinder  ia  instantaneously  trans- 
ferred to  r.  Heat,  le  now  i/ivev  up  by  the  fluid  to  the  condenser,  and 
the  piston  falls :  but  no  change  of  temperafure  talced  place.  When  this 
action  is  completed  (the  point  for  completion  will  be  determined 
later),  the  cylinder  ia  again  placed  on  f,  and  the  piston  allowed  to 
fait  further,  increasing  the  internal  energy  and  temperatnre  of  the 
gas  by  compressing  it.  This  compression  is  continued  until  the 
temperature  of  the  fluid  is  7*  and  the  piston  is  again  in  its  initial 
position,  when  the  cylinder  is  ouce  more  placed  upon  *  and  the  opera- 
tion may  be  repeated.  No  actual  engine  could  be  built  or  operated 
under  these  assumed  conditions. 

133.  Graphical    Representation-      The 

first  operation  described  iu  the  preceding 
is  expansion  at  eonutant  temperature.  The 
path  of  the  fluid  is  then  an  itotJiermaL 
The  second  operation  is  expansion  u-ithout 
transfer  of  heat,  external  work  being  done 
at  the  expense  of  the  internal  energy ; 
the  path  is  consequently  adiabatic.  Dur- 
ing the  third  operation,  we  have  isothermal 
compression;  and  during  the  fourth,  adiabatic  compression.  The 
Carnot  cycle  may  then  be  represented  by  abed.  Fig.  44. 

134.  Tennlnatlon  of  Third  OpeTation.  In  order  that  the  adiabatic  comprcKion 
lia  may  liring  Ihc  lliiiil  back  to  ita  initial  conditions  of  predfliire,  volume,  and  tem- 
perature, the  isothermal  compression  cil  must  he  terraiuated  at  a  suitable  poiut  ri. 
From  Art.  Ott, 

r^  fi^*]'"'  for  tlie  aiJialmtic  da. 


and  —  =  (  i  i  )       for  the  adiabatic  be ; 

hence  i^  .  B  „nd  i^  =  T;,. 

that,  ia,  the  ratio  of  volumes  during  isothermal  ejcpanaion  in  the  Srat  stage  miut  be 
equal  to  the  ratio  of  volumes  during  isothermal  compression  in  the  third  stage,  if  the 
final  adiabatic  compression  is  to  complete  the  cycle.     (Coinimre  Art.  lOS.) 

135.    Efficiency  of  Carnot  Cycle.     The  only  transfers  of  heat  dur- 
ing this  cycle  occur  along  ab  and  ed.     The  heat  absorbed  along  ai  is 
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V  V 

/^«F^loge-r^= -Byiog^-^-     Similarly,  along  cd^  the  heat  rejected 

V 

is  -Btlog,^-     The  net  amount  of  heat  transformed  into  work  is  the 

difference  of  these  two  quantities ;  whence  the  efficiency,  defined  in 
Art.  128  as  the  ratio  of  the  net  amount  of  heat  utilized  to  the  total 
amount  of  heat  absorbed,  is 

i2(7'log.f-«log,f') 

7^: =  — jf^i  since  XT  =  7^'  from  Art.  134. 

fa 

136.  Second  Deriyation.  The  external  work  done  under  the  two  adiabatica 
hcj  da  is 

P^V„-PcVc  and  P«V.-P.iVi 
y-1  y-1 

Deducting  the  negative  work  from  the  positive,  the  net  adiabatic  work  is 

but  P.F.  =  PhV^  from  the  law  of  the  isothermal  ah\  similarly,  PdVd  =  PeVc,  and 
consequently  this  net  work  is  equal  to  zero ;  and  if  we  express  etiiciency  by  the 
ratio  of  work  done  to  gross  heat  absorbed,  we  need  consider  only  the  work  areas 
under  the  isothermal  curves  ah  and  cd,  which  are  given  by  the  numerator  in  the 
expression  of  Art.  135. 

The  efficiency  of  the  Carnot  engine  is  therefore  expressed  by  the 
ratio  of  the  difference  of  the  temperatures  of  source  and  condenser  to 
the  absolute  temperature  of  the  source. 

137.  Camot's  Conclusion.  The  computations  described  apply  to  any  sub- 
stance in  uniform  thermal  condition ;  hence  the  conclusion,  now  universally 
accepted,  that  the  motive  power  of  heat  is  independent  of  the  agents  employed  to 
deTelop  it ;  it  is  determined  solely  by  the  temperatures  of  the  bodies  between  which 
the  cyclic  transfers  of  heat  occur. 

138.  Reversal  of  Cycle.  The  paths  which  constitute  the  Carnot  cycle, 
Fig.  44,  «re  |K)lytropic  and  reversible  (Art.  125);  the  cycle  itself  is  rever- 
sible. Let  the  cylinder  in  Fig.  43  be  first  placed  upon  r,  and  the  piston 
allowed  to  rise.  Isothermal  expansion  occurs.  The  cylinder  is  trans- 
ferred to /and  the  piston  caused  to  fall,  producing  adiabatic  compression. 
The  cylinder  is  then  placed  on  «,  the  piston  still  falling,  resulting  in  iso- 
thermal oompression ;  and  finally  on  /,  the  piston  being  allowed  to  rise,  so 
as  to  produce  adiabatic  expansion.     Heat  has  now  been  taken  from  the 
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condenser  ami  rfjei-lfid  to  tlie  source.  The  cycle  followed  is  dcbad.  Fig.  44. 
Work  has  been  expended  upon  the  fluid ;  fhe  heat  delivered  to  the  nourtie  s  Is 
made  uj)  of  tlie  hviU  taken  Jriiin.  tlie  cuiidmHer  r,  plus  the  heat  equioalinit  of 
the  work  done  upon  the  JluuL  The  apjjaratua,  instead  of  being  a  heat 
engine,  is  now  a  aort  of  heat  pump,  ti'an  a f erring  heat  from  a  cold  body  to 
one  warmer  than  itself,  by  rL'ason  of  the  expenditure  of  external  work. 
Every  operation  of  the  cyule  has  been  reversed.  Tlio  same  quantity  of 
heat  originally  taken  from  a  has  now  been  given  up  to  it;  the  quantity 
of  heat  originally  iiu[iart«d  to  r  is  now  taken  from  it;  and  the  anionnt  of 
extenial  work  originally  done  by  the  fluid  has  now  been  expended  upon 
it.  The  effi.c»ency,  based  on  our  present  definition,  may  exceed  unity ;  it 
is  the  quotient  of  Iwat  imparted  to  the  source  by  work  ejrpemli'd.  Tlie 
cylinder  c  must  in  this  case  be  initially  at  the  temperature  (  of  the  con- 
denser r. 


139.  Criterion  of  Reversibility.  Of  all  engines  working  between  the 
same  limits  of  temperature,  that  which  is  reversible  is  the  engine  of  maximum 
efficiency. 

If  not,  let  A  be  a  more  efficient  engine,  and  let  the  power  which  thia 
engine  develops  be  applied  to  the  driving  of  a  heat  pump  (Art.  138), 
(which  ia  A  reversible  engine),  and  let  thia  heat  pump  be  used  for  restor- 
ing heat  to  a  source  n  for  operating  engine  A.  Assuming  that  there  is  no 
friction,  then  engine  ,4  is  to  perform  just  a  sufficient  amount  of  work  to 
drive  the  heat  pump.  In  generating  thia  power,  engine  A  will  consume 
a  certaiu  amount  of  heat  from  the  source,  depending  upon  its  efficiency. 
If  this  efficiency  is  greater  than  that  of  the  heat  pump,  the  latter  will  dig- 
chaiije  inore  hfut  Itutn  Ike  furmer  receirea  (see  explanation  of  efficiency, 
Art.  138) ;  or  will  continually  I'estore  more  heat  to  the  souree  than  engine 
A  removes  from  it.  This  is  a  result  contrary  to  all  experienoa.  It  is 
impossible  to  conceive  of  any  self-acting  machine  which  shall  continually 
produce  heat  (nr  any  other  form  of  energy)  without  a  corresponding  con- 
sumption of  energy  from  some  other  source. 

140.  Hydraulic  Analogy.  The  abaurdit.y  may  be  ilhistrated.  aa  by  Heck  (4), 
by  imsgiuing  a  water  motor  to  lie  used  in  driving  a  pump,  the  pump  being  em- 
ployed to  deliver  the  water  back  to  the  upper  level  wliich  supplies  the  motor. 
Obviou.<ily,  the  motor  wnulil  lie  doing  its  best  if  it  consumed  no  more  water  than 
the  pump  returned  to  the  reservnir ;  no  better  performance  can  be  imagined,  aud 
with  uctual  moUirs  ami  pumps  tluB  jwrformanca  would  never  even  be  equaled. 
Assuming  the  pump  lo  l>e  equally  elficietit  as  a  motor  or  as  a  pump  (/.«.  rei-ersible), 
the  [notor  cannot  poambly  be  more  efficieiit- 


141.   Clausius' Proof.     Tlie  validity  of  thi^ 
correctness  of  the  aisnniption  that  pei'petual  m 
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oiiatraticm  depends  upon  the 
is  impossible.    Since  the  im- 
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possibility  of  perpetual  motion  canuot  be  directly  demonstrated,  Clausius  estab- 
lished the  criterion  of  reversibility  by  showing  that  the  existence  of  a  more  effi- 
cient engine  A  involved  the  continuous  transference  of  heat  from  a  cold  body  to 
one  warmer  than  itself,  without  the  aid  of  external  agency :  an  action  which  is  axio- 
matically  impossible. 

142.  The  Perfect  Elementary  Heat  Engine.  It  follows  from  the  analysis  of 
Art.  135  that  all  engines  working  in  the  Carnot  cycle  are  equally  efficient;  and 
from  Art.  139  that  the  Carnot  engine  is  one  of  that  class  of  engines  of  highest  effi- 
ciency. The  Carnot  cycle  is  therefore  described  as  that  of  the  perfect  elementary 
heat  engine.  It  remains  to  be  shown  that  among  reversible  engines  working  be- 
tween equal  temperature  limits,  that  of  Carnot  is  of  maximum  efficiency.  Con- 
sider the  Carnot  cycle  ahcdj  Fig.  44.  The  external  work  done  is  abed,  and  the 
et^ciency,  abed  -i-  nabN.  For  any  other  reversible  path  than  ab,  like  ae  or  fb, 
touching  the  same  line  of  maximum  temperature,  the  work  area  abed  and  the  heat 
absorption  area  nabN"  are  reduced  by  equal  amounts.  The  ratio  expressing  effi- 
ciency is  then  reduced  by  equal  amounts  in  numerator  and  denominator,  and  since 
the  value  of  this  ratio  is  always  fractional,  its  value  is  thus  always  reduced.  For 
any  other  reversible  path  than  cdy  like  ch  or  gd,  touching  the  same  line  of  mini- 
mum temperature,  the  work  area  is  reduced  without  any  reduction  in  the  gross 
heat  area  nabN.  Consequently  the  Carnot  engine  is  that  of  maximum  efficiency 
among  all  conceivable  engines  worked  between  the  same  limits  of  temperature.  A 
practical  cycle  of  equal  efficiency  will,  however,  be  considered  (Art.  257). 

143.  Deductions.  The  efficiency  of  an  actual  engine  can  therefore 
never  reach  100  per  cent,  since  this,  even  with  the  Carnot  engine,  would 
require  t  in  Art.  135  to  be  equal  to  absolute  zero.  High  efficiency  is  con- 
ditioned upon  a  wide  range  of  working  temperatures ;  and  since  the  mini- 
mum temperature  cannot  be  maintained  below  that  of  surrounding  bodies, 
high  efficiency  involves  practically  the  highest  possible  temperature  of 
heat  absorption.  Actual  heat  engines  do  not  w^ork  in  the  Carnot  cycle ; 
but  their  efficiency  nevertheless  depends,  though  less  directly,  on  the  tem- 
perature range.  With  many  working  substances,  high  temperatures  are 
necessarily  associated  with  high  specific  pressures,  imposing  serious  con- 
structive difficulties.  The  limit  of  engine  efficiency  is  thus  fixed  by  the 
possibilities  of  mechanical  construction. 

Further,  an  ordinary  steam  boilor  furnace  may  develop  a  maximum 
temperature,  during  combustion,  of  3000°  F.     If  the  lowest  available 

temperature  surrounding  is  0°  F.,  the  potential  efficiency  is  ^r-r-rjr — j^ 

=0.87.  But  in  getting  the  heat  from  the  hot  gases  to  the  steam  the 
temperature  usually  falls  to  about  350°  F.  Although  70  or  80  per 
cent  of  the  energy  originally  in  the  fuel  may  be  present  in  the  steam, 
the  availability  of  this  energy  for  doing  work  in  an  engine  has  now  been 
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-  ...«     <,r„-0.43,  or  about  one-half,     (A  boiler  13  of  course 
3aO-|-4oO 

not  &  heat  engine.) 

(1)  Alexander,  Tntali/e.  on  TheTmoAynamics,  18ft3,  :!8-10.  (-2)  Cnmnl's  Rejlfc- 
(tons  is  a™ilaiile  in  Tiiiirston'B  tr.inslation  or  in  Magie's  Secmid  Lain  iif  Thtrmodg- 
aamica.  An  estimate  oE  lila  part  in  the  development  at  pliysical  science  U  eiven  by 
Talt,  Ihertaocliinamiea,  18il8,  44.  (.1)  Trans.  Bog.  Soe.  Edinburgh,  March.  18S1 ; 
Fhil.  Mag.,  IV,  1B62  ;  Math,  and  Pliga.  Papers,  1,  174.  (4)  The  Sleam  Engine,  I, 
60. 

SYNOPSIS   OF   CHAPTER   VI 

Heat  engines :  efficiency  =  heaC  utilised  -«-  heat  absorbed  =      ~  ■  =  -^■ 
Cyclic  action ;  closed  cycle  ;  forms  of  cycle. 

Carnoc  cycle :  historical  development ;  cylinder.,  temrcf,  imulating  plate,  condentm-  ; 
graphical  representation;   tenninalion  o(   third  operation,  when   —^  =  —^;    effl- 

Camot'B  conclusion^  efficiency/  is  independent  oflha  jcnrting  inihulance. 

Reveisal  of  cycle:  the  n^vtrsibte  engine  is  that   u/  mnximitm   rj^eieney ;  hydraulic 

analogy. 
Cnrnot  cycle  not  Burpasseil  in  efficiency  hy  any  reversible  or  irreversible  cycle. 
Limitations  of  efficiency  In  actual  heat  engines. 

PROBLEMS 
1.    Show  how  lo  express  the  efficiency  of  any  heat-engine  cycle  as  the  quotient 
of  two  areas  on  the  Pt' diagram. 

S.  Draw  and  explain  six  forms  of  cycle  not  shown  in  Fig.  42. 
8.  In  a  Carnot  cycle,  iiaing  air,  the  initial  state  is  P  =  1000,  r  =  100.  The  pres- 
sure after  isothemial  expansion  is  QOO,  the  temperature  of  the  condenser  200°  F.  Find 
tlio  pressure  at  the  termination  of  the  "  tijird  operation,"  the  extemtU  work  done  along 
each  of  the  four  pnlha,  and  the  heal  absorbed  along  each  of  the  four  paths.  Units  are 
cubic  feet  per  pound  and  pounds  per  square  foot. 

An».  p,=  13.l;  W„=  89,237(1.  lb.j  ff„-8a.94B.t.tL; 
ir„=  161,200  ft.  lb.;  Ha  =  0; 
W„=  24,368  ft.  lb.;  ff„  =  31.32  B,  t.  U,; 
H'„  =  iei,aOOft.lb.;  Hu=0. 

4.  A  non-revendhle  heat  engine  takes  1  B,  t.  u.  per  minute  from  a  source  and  is 
used  to  drive  a  heat  pump  having  au  efficiency  (ipiotleut  of  vrork  by  heat  imparted  to 
source)  of  0.70.  What  would  be  the  rate  of  increase  of  heat  contents  of  the  source  if 
the  efficiency  of  the  heat  engine  were  0.80?    {Aas.,  0.W3  B.  t.u.  per  min.) 

5.  Onlhiary  non-condensing  steam  engines  iise  steam  at  355'  F.  and  discharge  it 
to  the  atmosphere  at  215°  F.     What  Is  their  maximum  posEibte  efficiency? 

(.4.13.,  (K14.) 
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6.  Find  the  limiting  efficiency  of  a  gas  engine  in  which  a  maximum  temperature 
of  3000''  F.  is  attained,  the  gases  being  exhausted  at  1000''  F.     {Ans,^  0.578.) 

7.  An  engine  consumes  225  B.  t.  u.  per  indicated  horse-power  (33,000  foot-pounds) 
per  minute.  If  its  temperature  Umit«  are  430**  F.  and  105®  F.,  how  closely  does  its 
efficiency  approach  the  best  possible  efficiency?    {Ans.,  51.59  per  cent.) 

8.  How  many  B.  t.  u.  per  indicated  horse  power  per  hour  would  be  required  by  a 
heat  engine  having  an  efficiency  of  15  per  cent? 

9.  A  power  plant  uses  2  1b.  of  coal  (14,000  6.  t.u.  per  lb.)  per  kilowatt-hour. 
(1  kw.  =  1.34  h.p.)     What  is  its  efficiency  from  fuel  to  switchboard? 

10.  A  steam  engine  working  between  350*'  F.  and  100**  F.  uses  15  lb.  of  steam  con- 
taining 1050  B.  t.  u.  per  lb.,  per  indicated  horse  power  per  hour.  What  proportion 
of  the  heat  supplied  was  utilized  by  the  engine?  How  does  this  proportion  compare 
with  the  highest  that  might  have  been  attained? 

11.  Determine  as  to  the  credibility  of  the  following  claims  for  an  oil  engine: 

Temperature  limits,  3000**  F.  and  1000**  F. 

Fuel  contains  19,000  B.  t.  u.  per  lb.     Engine  consumes  0.35  lb.  per  kw.-hr. 

Losri  between  cylinder  and  switchboard,  20  per  cent. 

12.  If  the  engine  in  Problem  3  is  double-acting,  and  makes  100  r.p.m.,  what  is  its 
hoTse  power? 


CHAPTER  VII 

THE  SECOND  LAW  OF  THERMODYNAMICS 

144.  Statement  of  Second  Law.  The  expression  for  efficiency  of 
the  Carnot  cycle,  given  in  Art.  135,  is  a  statement  of  the  second  law 
of  thermodynamics.  The  law  is  variously  expressed ;  but,  in  general, 
it  is  an  axiom  from  which  is  established  the  criterion  of  reversibility 
(Art.  139). 

With  Clausius,  the  axiom  was, 

(a)  "  Heat  cannot  of  itself  pass  from  a  colder  to  a  hotter  body;  "  while  the 
equivalent  axiom  of  Kelvin  was, 

(b)  *'  It  is  impossible,  by  means  of  inanimaJte  material  agency,  to  derive 
mechanical  effect  from  any  portion  of  matter  by  cooling  it  beloio  the  temperor 
ture  of  the  coldest  of  surrounding  objects^ 

With  Carnot,  the  axiom  was  that  perpetual  motion  is  impossible;  while  Ran- 
kine's  statement  of  the  second  law  (Art.  151)  is  an  analytical  restatement  of  the 
efficiency  of  the  Carnot  cycle. 

145.  Comparison  of  Laws.  The  law  of  relation  of  gaseous  properties  (Art.  10) 
and  the  second  law  of  thermodynamics  are  justified  by  their  i-esults,  while  thejirst 
law  of  thermodynamics  is  an  expression  of  experimental  fact.  The  second  law  is  a 
**  definite  and  independent  statement  of  an  axiom  resulting  from  the  choice  of  one 
of  the  two  propositions  of  a  dilemma"  (1).  For  example,  in  Camot's  form,  we 
must  admit  either  the  possibility  of  perj>etual  motion  or  the  criterion  of  reversi- 
bility ;  and  we  choose  to  admit  the  latter.  The  second  law  is  not  a  proposition  to 
be  proved,  but  an  ''axiom  commanding  universal  assent  when  its  terms  are 
understood." 

146.  Preferred  Statements.  The  simplest  and  most  satisfactory  statement  of 
the  second  law  may  be  derived  directly  from  inspection  of  the  formula  for  effi- 
ciency, (T  —  t)  -^  T  (Art.  135).     The  most  general  statement, 

(c)  "  The  a  vail  ability  of  heat  for  doing  work  depends  upon  its  temperature**  leads 
at  once  to  the  axiomatic  forms  of  Kelvin  and  Clausius;  while  the  most  specific  of 
all  the  statements  directly  underlies  the  presentation  of  Rankine : 

(d)  "  If  all  of  the  heat  be  absorbed  at  one  temperature,  and 
rejected  at  another  lower  temperature,  the  heat  transformed   to 

84 
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external  work  is  to  the  total  heat  absorbed  in  the  same  ratio  as  that 
of  the  difference  between  the  temperatures  of  absorption  and  rejec- 
tion to  the  absolute  temperature  of  absorption  ;"  or, 

H  T    ' 

in  which  ^represents  heat  absorbed  ;  and  A,  heat  rejected. 

147.  Other  Statements.  Forms  (a),  (/>),  (c),  and  {d)  are  those  usually  given 
the  second  law.     In  modified  forms,  it  has  been  variously  expressed  as  follows : 

(e)  "  All  reversible  engines  working  between  the  same  uniform  tem- 
peratures have  the  same  efficiency." 

(/)  "  The  efficiency  of  a  reversible  engine  is  independent  of  the  nature 
of  the  working  substance." 

(g)  "  It  is  impossible,  by  the  imaided  action  of  natural  processes, 
to  transform  any  part  of  the  heat  of  a  body  into  mechanical  work,  except 
by  allowing  the  heat  to  pass  from  that  body  into  another  at  lower 
temperature." 

(Ji)  "If  the  eligine  be  such  that,  wlien  it  is  worked  backward,  the 
physical  and  mechanical  agencies  in  every  part  of  its  motions  are  reversed, 
it  produces  as  much  mechanical  effect  as  can  be  produced  by  any  thermo- 
dynamic engine,  with  the  same  source  and  condenser,  from  a  given  quan- 
tity of  heat." 

148.  Harmonization  of  Statements.  It  has  been  asserted  that  the  state- 
ments of  the  second  law  by  different  writers  involve  ideas  so  diverse  as, 
apparently,  not  to  cover  a  common  principle.  A  moment's  consideration 
of  Art.  144  will  explain  this.  The  second  law,  in  the  forms  given  in  (a), 
(^)>  (p)i  (sf)y  ^^  ^^*  axiom,  from  ivhh'h  the  vn'terion  of  reversibility  is  estab- 
lished.  In  (c?),  (e)  (/),  it  is  a  simple  state meut  of  the  efficiency  of  the  Car- 
not  cycle,  with  which  the  axiom  is  associated  ;  while  in  (A),  it  is  the 
criterion  of  reversibility  itself.  Confusion  may  be  avoided  by  treating 
the  algebraic  expression  of  (r/),  Art.  14(5,  as  a  sufficient  statement  of 
the  second  law,  from  which  all  necessary  applications  may  be  derived. 

149.  Consequences  of  the  Second  Law.     Some  of  these  were  touched  upon  in 

Art.  143.     The  first  law  teaches  that  heat  and  work  are  mntuallv  convertible, 

the  second  law  shows  how  much  of  either  may  be  converted  into  the  other  under 

stated  conditions.     Ordinjiry  condensing  steam  cn;.(ines  work  between   tempera- 

tnres  of  about  350°  F.  and  100°  F.     The  maximum  possible  etficiency  of  such 

engines  is  therefore 

350  -  100   ^  o_3j_ 


35U  +  459.4 
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The  efficiencies  of  actual  steam  engines  range  from  ^i  to  35  per  cent,  with  n 
average  proluibiy  not  exceeUirig  7  to  10  per  cent.  A  Bteam  engiue  Beenis  ttierefore 
a  most  iiipffifi«nt  niacliinei  but  it  must  be  remembered  that,  of  the  total  heat 
BappHed  to  it.  a  large  proportion  is  (by  the  second  law)  unaTailable  for  use,  a 
must  be  rejeeled  when  its  I«m{wrHtiire  falU  to  that  of  flurrouudiiig  bodies.  Wu  ci 
not  expect  a  water  wheel  located  in  the  moant(iius  to  utilize  all  of  the  head  of  t 
water  supply,  measured  down  to  nea  level.  The  available  head  is  limited  by  the 
elevation  of  the  lowest  of  Burroundirig  levels.  The  performance  of  a  heat  engine 
should  he  judged  by  its  approach  to  the  efficiency  of  the  Caroot  cycle,  rather  than 
by  its  absolute  efliciency. 

Heat  miLst  be  regarded  as  a  "  low  unorganized  "  form  of  energy,  which  pro- 
duces iisefut  work  only  by  undei'going  a  fall  of  temperature.  All  other  forms  of 
energy  tend  to  comj^ptely  tranHform  themselves  into  heat.  As  the  univeree  slowly 
settles  to  thermal  equihbrium,  ihc  performance  of  work  by  heat  becomes  impomiblp 
and  all  enerRy  becomes  permanently  degenerated  to  its  most  unavailable  form.* 

150.   Temperature  Fall  and  Work  Done.     Conaider  the  Carnot  cycle,  abed, 

¥'v^.  45,  the  t«tal  heat  ubswi'licJ  being  /inbiVand  the  efficiency  abed  -t-  nabX 
=(T—t)-i-T.  Draw  the  isothermaU 
ef,  'jh,  ij,  succeasively  differing  by  equal 
temperature  intervals ;  and  let  the  tem- 
peratures of  these  isothermats  be  ?*„ 
T^  7").  Then  the  work  done  in  cycle 
abfe  is  noiiVx  ( T—  T,)  -i-  T;  that  in 
cyc\i3  abhg  is  HabNx(T-T,)-hT;  that 
in  eycie  abji  is  nabKx{T- T3)-t-T. 
As  (7'-7;)  =  3(r-r,)  and  {T-Tt) 
=  2(T-r,),  abji  =  3(abfe)  and  tdihg 
=  '2{abfe) ;    whence   ab/e  =  ef/ig  =  ghji. 

F.O.4.'.,  Ari'i.i.io.iw.iM.iwL-S^ond  ji,  ^^X\ev  Words,  the  etternal  work 
■iw  o      lenuor  j  iiiiin  cs.  available  from  a  definite  temperature  fall 

is  the  same  at  all  parts  of  the  thermometrlc  scale.    The  waterfall  analogy  of 

Alt.  Ill)  in;iy  :iy;iiu  lie  iustnictively  utili/i-d. 

151.  Rankine's  Statement  of  the  Second  Law.  "  If  the  total  actual  beat  of  a 
uniformly  hot  substance  be  conceived  to  be  divided  into  any  number  of  equal  parts, 
the  eEFects  of  those  parts  in  causing  work  to  be  performed  are  equal.  If  we  re- 
member that  by  "total  iirtual  heal''  Rankine  nieuns  the  heat  corresponding  to  ab- 
solute Umperature,  his  terse  statement  becomes  a  form  of  ihiit  just  derived,  dependent 
Bolely  upcn  the  computed  efficiency  of  the  Camot  cycle. 

ISS.  Absolute  Temperature.  It  is  convenient  to  review  the  steps  by  which 
the  propoBiti<)n  of  Art,  1-50  has  been  established.  We  have  derived  a  conception 
of  'absolute  temperature  from  the  law  of  Charle.8,  and  have  found  that  the  effi- 
ciency of  the  Carnot  cycle  bears  a  certain  relation  to  definite  absolute  temperatures. 

•  "Each  time  we  alter  our  investment  in  eiierRy.  we  have  thus  to  pay  a  commis- 
sion, and  the  tribute  thus  exerted  cau  never  be  wholly  recovered  by  us  and  must  be 
regarded,  not  as  destroyed,  but  aa  thrown  on  the  waste-heap  ot  the  UniTeree."— Orlfflths. 
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Our  scale  of  absolute  temperatures,  practically  applied,  is  not  entirely  satisfactory ; 
for  the  absolute  zero  of  the  air  thermometer,  —459.4°  F.,  is  not  a  true  absolute 
zero,  because  air  is  not  a  perfect  gas.  The  logical  scale  of  absolute  temperature 
would  be  that  in  which  temperatures  were  defined  by  reference  to  the  work  done 
by  a  reyenible  heat  engine.  Having  this  scale,  we  should  be  in  a  x>osition  to  com- 
pute the  coefficient  of  expansion  of  a  perfect  gas. 

153.  Kelvin's  Scale  of  Absolute  Temperature.  Kelvin,  in  1848,  was  led 
by  a  perusal  of  Carnot's  memoir  to  propose  such  a  scale.  His  first  defini- 
tion, based  on  the  caloric  theory,  resulted  only  in  directing  general  atten- 
tion to  Carnot's  great  work ;  his  second  definition  is  now  generally  adopted. 
Its  form  is  complex,  but  the  conception  involved  is  simply  that  of  Art.  150: 

"  The  absolute  temperatures  of  two  bodies  are  proportional  to  the  quanti- 
ties of  heat  respectively  taken  in  and  given  out  in  localities  at  one  temperature 
and  at  the  other,  respectively,  by  a  material  system  subjected  to  a  complete 
cycle  of  perfectly  reversible  thermodynamic  operations,  and  not  allowed  to  part 
with  or  take  in  heat  at  any  other  temperature."     Briefly, 

"  The  absolute  values  of  two  temperatures  are  to  each  other  in  the  propor- 
tion of  the  quantities  of  heat  taken  in  and  rejected  in  a  perfect  thermodynamic 
eng:ine,  working  with  a  source  and  condenser  at  the  higher  and  the  lower  of 
the  tempentores  respectively."     Symbolically, 

i       h  t       ndcN 

This  relation  may  be  obtained  directly  by  a  simple  algebraic  trans- 
.formation  of  the  equation  for  the  second  law,  given  in  Art.  14G,  (d). 

154.  Gxmphical  Representation  of  Kelvin's  Scale.  Eeturning  to  Fig.  45, 
but  ignoring  the  previous  significance  of  the  construction,  let  ah  be  an  iso- 
thermal and  an,  bN  adiabatics.  Draw  isothermals  e/,  gh,  ij,  such  that  tlie 
areas  a6/e,  efhgy  ghji  are  equal.  Then  if  we  designate  the  temi)eratures 
along  ab,  ef,  ghy  ij  by  T,  T',,  T.2,  T^,  the  temperature  intervals  T—  T',, 
7\-  Tf,  r,-  2*3  are  equal.  If  we  take  ab  as  212°  F.,  and  cd  as  32°  F., 
then  by  dividing  the  intervening  area  into  180  equal  i)arts,  we  shall  have 
a  true  Fahrenheit  absolute  scale.  Continuing  the  equal  divisions  down 
below  cd,  we  should  reach  a  point  at  which  the  last  remaining  area  be- 
tween the  indefinitely  extended  adiabatics  was  just  equal  to  the  one  next 
preceding,  provided  that  the  temperature  32°F.  could  be  expressed  in  an 
even  number  of  absolute  degrees. 

155.  Camot^s  Function.  Carnot  did  not  find  the  definite  formula  for  effi- 
ciency of  his  engine,  given  in  Art.  UJ."),  although  he  expressed  it  as  a  function  of 
the  temperature  range  (T-t).    We  may  state  the  efficiency  as 
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z  being  a  factor  having  the  same  value  for  all  gases.    Taking  the  general  expres- 
sion for  efficiency,  H^zA  (Art.  128),  and  making  H  =  h -^  dh,  we  have 

II 

e=  — 


A  +  <M         A  +  dh 
For  e  =  «(7'  —  ^),  we  may  write  e  =  zdt  or  z  =—,  giving 

cxc> 

2  = —^^  -  rf/,  equivalent  to  ^^ 


h-^dh  '  Hdt' 

But^  =  ^  (Art.  153);  whence  ^±^^=*-±^and^  =  ^,and/  =  M?=l. 
t       h    ^  ^  t  h  t       h  dh      z 

1  T  —  t      T  —  I 

Then  2  =  -  and  e  = = in  finite  terms,  as  already  found.     The  factor  z 

is  known  as  CamoVs  function.     It  is  the  reciprocal  of  the  absolute  temperature, 

156.  Determination  of  the  Absolute  Zero.  The  porous  plug  experiments  con- 
ducted by  Joule  and  Kelvin  (Art.  74)  consisted  in  forcing  various  gases  slowly 
through  an  orifice.  The  fact  has  already  been  mentioned  that  when  this  action 
was  conducted  without  the  performance  of  external  work,  a  barely  noticeable 
change  in  temperature  was  observed ;  this  being  with  some  gases  an  increase,  and 
with  others  a  decrease.  When  a  resisting  pressure  was  applied  at  the  outlet  of  the 
orifice,  so  as  to  cause  the  performance  of  some  external  work  during  the  flow  of 
gas,  a  fall  of  temperature  was  observed  ;  and  this  fall  was  different  for  different  gases. 

The  "  porous  plug  "  was  a  wad  of  silk  fibers  placed  in  the  orifice  for  the  purpose 
of  reconverting  all  energy  of  velocity  back  to  heat.  Assume  a  slight  fall  of  tem- 
perature to  occur  in  passing  the  plug,  the  velocity  energy  being  reconverted  to 
heat  at  the  decreased  temperature,  giving  the  equivalent  paths  ad^  dc,  Fig.  45. 
Then  expend  a  sufficient  measured  (quantity  of  work  to  bring  the  substance  back 
to  its  original  condition  «,  along  cha.    By  the  second  law, 

nahN     nefN     nabN  —  ahfe  T^      uabN  —  abfe 

or  T^T,=  T,  f^HahK l)  =  T  ^M 

^         ^    \uabN-abfe        J         ^  nab X  ~  abfe 

It  (T—  Ty)  as  determined  by  the  experiment  =  a,  and  nabN  be  put  equal  to  unity, 

rp  ^a(l-abfe)^ 
ahfe 

in  which  abfe  is  the  work  expended  in  bringing  the  gas  back  to  its  original  tem- 
perature. This,  in  outline,  was  the  Joule  and  Kelvin  method  for  establishing  a 
location  for  the  true  absolute  zero:  the  complete  theory  is  too  extensive  for  pres- 
entation here  (2).  The  absolute  temperature  of  melting  ice  is  on  this  scale 
491.68°  F.  or  273.r  C. 

The  agreement  with  the  hydrogen  or  the  air  thermometer  is   close. 
The  correction  for  the  former  is  generally  less  than  y-J-^°  C,  and  that  for 
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the  latter  less  than  ^®  C.  Wood  has  computed  (3)  that  the  true  absolute 
zero  must  necessarily  be  slightly  lower  than  that  of  the  air  thermometer. 
According  to  Alexander,  (4)  the  difference  of  the  two  scales  is  constant  for 
all  temperatures.  The  Kelvin  absolute  scale  establishes  a  logical  defini- 
tion of  temperature  as  a  physical  unit.  Actual  gas  thermometer  tempera- 
tures may  be  reduced  to  the  Kelvin  scale  as  a  final  standard. 

In  the  further  discussion^  the  temperature  —459.6°  F,  will  be  regarded 
€LS  the  absolute  zero.     (5) 

(1)  Peabody,  Thermodynamics,  1907,  27.  (2)  PhU.  Trans,,  CXVIV,  349.  (3), 
Thermodynamics,  1905,  116.  (4)  Treatise  on  Thermodynamics,  1892,  91.  (5)  See 
the  papers,  On  the  Establishment  of  the  Thermodynamic  Scale  of  Temperature  by 
Means  of  the  Constant  Pressure  Thermometer,  by  Buckingham;  and  On  the  Standard 
Scale  of  Temperalure  in  the  Interval  0**  to  100®  C,  by  Waidner  and  Dickinson; 
Bulletin  of  the  Bureau  of  Standards,  3,  2;  3,  4.  Also  the  paper  by  Buckingham, 
On  the  Definition  of  the  Ideal  Gas,  op.  cit.,  6,  3. 


SYNOPSIS  OF  CHAPTER  VH 

Statements  of  the  second  law :   an  axiom  establishing  the  criterion  of  reversibility ; 
H^  h  _  T—  t      A  —J.      ^  statement  of  the  efficiency  of  the  Carnot  cycle ;  the  cri- 

H     ~      T  H"  T      terion  of  reversibility  iiselt 

The  second  law  limits  the  possible  efficiency  of  a  heat  engine. 
The  fall  of  temperature  determines  the  amount  of  external  work  done. 
Temperature  ratios  defined  as  equal  to  ratios  of  heats  absorbed  and  emitted. 
The  Carnot  function  for  cyclic  efficiency  is  the  reciprocal  of  the  absolute  temperature. 
The  absolute  zero,  based  on  the  second  law,  is  at  —  459.6*^  F. 


PROBLEMS 

1.  niostrate  graphically  the  first  and  the  second  laws  of  thermodynamics.  Frame 
a  new  statement  of  the  latter. 

8.  An  engine  works  in  a  Carnot  cycle  between  400°  F.  and  280°  F.,  developing 
120  b.p.  If  the  heat  rejected  by  this  engine  is  received  at  the  temperature  of  rejection 
by  a  second  Carnot  engine,  which  works  down  to  220°  F.,  find  the  hor«e  power  of  the 
second  engine.     (Ans.,  60). 

3.  Find  the  coefficient  of  expansion  at  constant  pressure  of  a  perfect  gas.  What 
is  the  percentage  difference  between  this  coefficient  and  that  for  air  ? 

{Ans.,  0.0020342  ;  percentage  difference,  0.03931.) 

4.  A  Carnot  engine  receives  from  the  source  1000  B.  t.  u.,  and  discharges  to  the 
condenser  500  B.  t.  u.  If  the  temperature  of  the  source  is  600°  F.,  what  is  the  tem- 
perature of  the  condenser?     {Ans.,  70.2°  F.) 

5.  A  Carnot  engine  receives  from  the  source  190  B.  t.  u.  at  1440.4°  F.,  and  dis- 
charges to  the  condenser  90  B.  t.  u.  at  440.4°  F.  Find  the  location  of  the  absolute 
zero.     (Ans.,  -459.6°  F.) 

6.  In  the  porous  plug  experiment,  the  initial  temperature  of  the  gas  being  that  of 
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melting  ice,  and  the  fall  of  temperature  being  y^  of  the  range  from  melting  to  boiling 
of  water  at  atmospheric  pressure,  the  work  expended  in  restoring  the  initial  tempera- 
ture was  1.58  foot-pounds.     Find  the  absolute  temperature  at  32®  F.     (Ana.,  492.39°.) 

7.  The  temperature  range  in  a  Camot  cycle  being  400®  F.,  and  the  work  done 
being  equivalent  to  40  per  cent  of  the  amount  of  heat  rejected,  find  the  values  of  T 
and  t. 

« 

REVIEW  PROBLEMS,  CHAPTERS  I-Vn 

1.  State  the  precise  meaning,  or  the  application,  of  the  following  expressions : 
k     778     I      (-\  =1     H^T+I+W     r     y     E     53.36     PV^RT     R      -459.6«F. 


n-l 


/     P 


^,     ^     dH  ,       V     pv-PV     pv-PV      /P\    n        T       /r\  l-»      T 


pv^^^c     42.42     ppW=c     2545     pv=c     «=^^^ 

n  — 1 


2.  A  heat  engine  receives  its  fluid  at  350®  F.  and  discharges  it  at  110®  F.  It  con- 
sumes 200  B.  t.  u.  per  Ihp.  per  minute.  Find  its  efficiency  as  compared  with  that  of 
the  corresponding  Camot  cycle.     (Ans,,  0.712.) 

y 

3.  Given  a  cycle  dbc,  in  which  Pa  =  Pi,;=  100  lb.  per  sq.  in.,  Ta=  1,  -7f=6  (cu. ft.), 

Pb^b^'^-Pe^e^'^i Pa^a  =  Pc^ci  ^^^  ^^^  pressure,  volume,  and  temperature  at  c  if  the 
substance  is  1  lb.  of  air. 

4.  Find  the  pressure  of  100  lb.  of  air  contained  in  a  100  cu.-f t.  tank  at  82®  F. 

{Arts,,  28,900  lb.  per  sq.  ft.) 

5.  A  heat  engine  receives  1175.2  B.  t.  u.  in  each  pound  of  steam  and  rejects 
1048.4  B.  t.  u.  It  uses  3110  lb.  of  steam  per  hour  and  develops  142  hp.  Estimate  the 
value  of  the  mechanical  equivalent  of  heat.     {Ans,,  712.96.) 

6.  One  pound  of  air  at  32 F®  .  is  compressed  from  14.7  to  2000  lb.  per  square  inch 
without  change  of  temperature.     Find  the  percentage  change  of  volume. 

(4n5.,  99.3%.) 

T-t 


7.  Prove  that  the  efficiency  of  the  Camot  cycle  is 


T  ' 


8.  Air  is  heated  at  constant  pressure  from  32®  F.  to  500°  F.     Find  the  percentage 
change  in  its  volume.     {Ans.^  95.2%  increase.) 

9.  Prove  that  the  change  of  internal  energy  in  passing  from  a  to  6  is  independent 
of  the  path  ah. 

P  V  —P  V 

10.  Given  tlie  formula  for  change  of  internal  energy,      ^    ^ — r^^~^»  prove  that 

11.  Given  R  for  air=53.3r),  F=  12.387;   and  given   F=  178.8,  A:=3,4  for  hydro- 
gen: find  the  value  of  y  for  hydrogen.     (Aiis.,  1.412.) 

12.  Explain  isothermal,  adiabatic,  isodynamic,  isodiabatic. 

13.  Find  the  mean  specific  heat  along  the  path  j)ui-8  =  c  for  air  (Z= 0.1689). 

(Am.,  0.084.) 
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14.  A  steam  engine  discharging  its  exhaust  at  212®  F.  receives  steam  containing 
1100  B.  t.  u.  per  pound  at  500°  P.  What  is  the  minimum  weight  of  steam  it  may  use 
per  Ihp.-hr.  ?     {Ans  ,  7.71  lb.) 

15.  A  cycle  is  bounded  by  polytropic  paths  12,  23,  13.    We  have  given 

Pi  =P,  =  100,000  lb.  per  sq.  ft. 
T^=  Fi=40  cubic  feet  per  pound« 
ri=3000*»F. 

PiF;=p,f,. 

Find  the  amount  of  heat  convertM  to  work  in  the  cycle,  if  the  working  substance  is 
air.     (Ana. ,  4175  B.  t.  u.) 


CHAPTER  Vin 


ENTROPY 


157.  Adiabatic  Cycles.  Let  abdc,  Fig.  46,  be  a  Carnot  cycle,  an  and  bI9 
the  projected  adiabatics.  Draw  intervening  adiabatics  em,  gyf,  etc,  so 
located  that  the  areas  nuem,  megM,  M<]bN,  are  equal.  Then  since  the  effi- 
ciency of  each  of  the  cycles  aefc,  eghf,  gbdh,  is  (T  —  ()  -*-  T,  the  work  areaa 
represented  by  these  cydea  are  all  eqnrd.  To  measure  these  areas  by  mechani- 
cal means  would  lead  to  approximate  i-esults  only. 

158.  Rectangular  Diagram.  If  the  adiabatics  and  iaothermals 
were  straight  lines,  simple  arithmetic  would  suffice  for  the  measure- 
ment  of  the  work  areiis  of  Fig,  46.  We 
have  seen  that  in  the  Carnot  cycle, 
bounded  by  isothermala  and  adiabatics. 


T      t 


(Art.  153).  Applying  this  for- 
mula to  Kankine's  theorem  (Art.  106), 
we  hiive  the  quotient  of  an  area  and  a 
lenjjth  as  a  conetant.  If  the  area  h  is 
a  part  of  ff,  then  there  must  Ije  some 
constant  property,  which,  when  multi- 
plied by  the  temperatures   T  or  (,   will 


/ 


give  tlie  areas  ^or  h.  Let  us  conceive 
of  a  diagram  in  which  only  one  coor- 
dinate will  at  present  be  named.  That 
cofirdinate  is  to  be  t^tolute  temperature. 
Instead  of  specifying  the  other  coordi- 
nate, let  it  be  assumed  that  subtended 
areai  on  this  diagram  are  to  denote 
quantitiei  of  heat  absorbed  or  emitted, 
just  us  such  areas  on  the  PV  diagram 
represent  external  work  done.  As  an 
mple  of  such  a  diagram,  consider 
Fig.    47.       Let   the    substance  be  one 


Fio.  47.    Arts.  ir.S,   Iffl,   171.  — En- 
tnipy  Was  rum. 

•  The  niliabatics  are  distorted  for  cleamesn.   In  reality  they  are  asymptotic.    Muiy 
of  tlie  diograma  tliroueliout  the  boub  are  Himilarly  >>  uut  of  drawing "  for  the  same 
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pound  of  water,  initially  at  a  temperature  of  32°  F.,  or  491.6°  abso- 
lute, represented  by  the  height  ah,  the  horizontal  locution  of  tlie 
iitiite  (  being  taken  at  random.  Now  assume  the  wiiter  to  be  heated 
to  212°  F.,  or  671.6°  absolute,  the  specific  heat  being  taken  as  con- 
stant and  equal  to  unity.  The  heat  gained  is  180  IJ.  t.  u.  The 
tinal  temperature  of  the  water  fixes  the  vertical  location  of  the 
new  state  point  <J,  i.e.  the  length  of  the  line  <-(/.  Its  hori7.ontal  lo- 
cation 13  fixed  by  tlie  consideration  that  the  an-a  »ubh-Hihil  hetween 
th«  path  bd  and  the  axU  which  ire  hire  marked  OX  shall  he 
M^O  B.  t.  u.  The  horizontal  distance  ac  may  be  conipuled  from  the 
properties  of  the  trapezoid  ahdv  to  be  e^^ual  to  tlie  area  abde  divided 
by  [(aA  +  erf)-i-2]  or  to  180  +  [(491.6 -J-671.G)-i- 2]  =  0.31.  The 
point  d  is  thus  located  (Art.  163>. 


159-  Application  to  a  Camot  Cycle.  Ordinates  being  absolute 
tenii>eratures,  and  areas  subtended  being  quantities  of  heat  absorbed 
or  emitted,  we  may  conclude  tliat  an  isothermal  munt  he  a  srrai;/ht 
horizontalUne ;  its  temperature  is  constant,  and  a  tinile  amount  of 
heat  ia  transferred.  If  the  path  is  from  left  to  right,  heat  is  to  be 
conceived  as  ahs'irhnl:  if  fi-om  right  to 
left,  heat  is  rejectid.  Along  a  (re- 
versible) adiabatic,  no  ni<)vement  of  heat 
occurs.  The  only  line  on  this  diagram 
which  does  not  subtend  a  finite  area  is 
a  straight  vertical  line.  Adiabatim  are 
ronseqiieiith/  vertical  straii/ht  liiie»,  (Hut 
see  Art.  17i>,)  The  temperature  must 
constantly  change  along  an  adiabatic. 
The  lengths  of  all  isothermal.t  drawn  be- 
tween tlie  same  two  adiabatics  are  equal. 
The  C'arnot  cycle  on  this  new  diagnim 
may  then  be  represented  as  a  rectangle  enclosed  by  vertical  and  hori- 
zontal lines;  and  in  Fig.  48  we  have  a  new  illustration  of  (he  cycles 
tthowQ  in  Fig.  46,  all  of  the  lines  corresponding. 


J_J . 


Fig.  4&  Aita.  199,  IflO.  IGl,  KB, 
W6.  —  Adiabattc  Cycles,  Entnipy 
IHagnm. 


160.    FhTsical  Significance.     The  new  diagram  is  to  l>c  c-oneei 
as  so  related  to  the  PCdiagram  of  Fig.  4)j  that  wliile  an  imagiii 
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pencil  is  deHCribing  any  stated  patli  UD  the  latter,  a  corresponding 
pencil  la  tracing  its  path  on  the  former.  In  the  PV^  diagram,  the 
subtended  areas  constantly  represent  external  work  done  by  or  oil  tlie 
substance;  in  the  new  diagram  they  represent  qtiaiitities  of  heat  ab- 
sorbed or  rejected,  (Note,  however.  Art.  176.)  The  area  of  the 
closed  cycle  in  the  first  case  represents  the  net  tptantity  of  work  done; 
in  the  second,  it  represents  the  net  amount  of  heat  lost,  and  conse- 
quently, also,  the  net  work  done.  But  subtended  areat  under  a  tingle 
path  on  the  J"  J' diagram  do  not  represent  heat  quantities,  nor  in  the 
new  diiigram  do  they  represent  ieork  quantities.  The  validity  of  the 
diagram  is  conditioned  upon  the  absoluteness  of  the  properties  chosen  as 
coordinates.  We  have  seen  tliat  temperature  is  a  cardinal  proi}erty, 
irrespective  of  the  previous  history  of  the  substance;  ami  it  will  be 
shown  that  this  is  true  also  of  the  horizontal  coordinate,  so  that  we 
may  legitimately  employ  a  diagram  in  which  these  two  properties 
are  the  coordinates, 

161.  PolytTOpic  Paths.  For  any  path  in  which  the  specific  heat 
is  zero,  the  transfer  of  heat  is  zero,  and  the  path  on  this  diagram  is 
consaquently  vertical,  an  adiabatic.  For  specific  heat  equal  to 
infinity,  the  temperature 
cannot  change,  and  the 
path  is  horizontal,  an  iso- 
thermal. For  any  positive 
value  of  the  specific  heat, 
heat  area  and  temperature 
will  be  gained  or  lost 
simultaneously,  the  patli 
will  be  similar  to  ai  or  <y'. 
Fig.  48.  IE  the  specific 
heat  is  negative,  the  tem- 
perature will  increase  with 
rejection  of  heat,  or  de- 
crease with  its  absorption,  as  along  the  paths  ak,  al,  Fig.  48.  Theea 
results  may  be  compared  witli  those  of  Art.  11,5.  Figure  49  shows 
on  the  new  diagram  tlie  paths  corresponding  with  those  of  Fig.  31. 
It  may  be  noted  that,  in  general,  tliough  not  invariably,  increases  of 
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volume  are  associated  with  increases  of  the  horizontal  coordinate  of 
the  new  diagram. 

162.  Justification  of  the  Diagram.  In  the  PV  diagram  of  Fig.  50,  consider 
the  cycle  A  BCD.  Let  the  heat  absorbed  along  a  portion  of  this  cycle  be  repre- 
sented by  the  infinitesimal  strips  nabN, 
NbcM,  Mcilm^  formed  by  the  indefinitely 
projected  adiabatics.  In  any  one  of  these 
strips,  as  nabN,  we  have,  in  finite  terms, 

nabX      T          nahX      neqN 
=  — ,  or =  — "i —  • 

negN      t  T  t 

Considering  the  whole  series  of  strips 
from  A  to  C,  we  have 


neqN 


A'    T     "A      t 


Fi«.  30.    Art.  162.  — Entropy  a  Cardinal 

Property. 


or,  using  the  symbol  H  for  heat  trans- 
ferred. 


2:^=0. 


in  which  T  expresses  temperature  generally. 

Let  the  substance  complete  the  cycle  ABC  DA  ;  we  then  have,  the  paths  being 
rerenibief 

fill 


while  for  the  cycle  ADCHA, 


wbeDCBy 


=  0; 


The  integral  J  —   thus  has  the  same  value  whether  the  path  is  ADC  or  ABC^ 

or,  indeed,  any  reversible  path  between  A  and  C;  its  value  is  independent  of  the 
path  of  the  »ut»»tance.  Now  this  integral  will  be  shown  immediately  to  be  the  most 
genenJ  expression  for  the  horizontal  coordinate  of  the  diagram  under  discussion. 
Since  it  denotes  a  cardinal  property,  like  pressure  or  temperature,  it  is  permissible 


to  use  a 


JJTT 
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163.  Analytical  Expression.  Along  any  path  of  constant  tem- 
perature, as  aby  Fig.  48,  the  horizontal  distance  nN  may  be  computed 
from  the  expression,  wiV=  H-i-  T^in.  which  H  represents  the  quan- 
tity of  heat  absorbed,  and  T  the  temperature  of  the  isothermal.  If 
the  temperature  varies,  the  horizontal  component  of  the  path  during 
the  absorption  of  dH  units  of  heat  is  dn  =  dH-^  T.  For  any  path 
along  which  the  specific  heat  is  constant^  and  equals  A,  kdT=  dH^ 

dn  =  —^T'i  and  n  —  h\    ——  =  h loff^ — • 

If  the  specific  heat  is  variable,  say  A:  =  a  -f  JjT,  then 

The  line  bd  of  Fig.  47  is  then  a  logarithmic  curve,  not  a  straight* 
line ;  and  the  method  of  finding  it  adopted  in  Art.  158  is  strictly 
accurate  only  for  an  infinitesimal  change  of  temperature.  Writing 
the  expression  just  derived  in  the  form  n  =  k\ogg(^T-k- 1)  and  remem- 
bering that  T=  PV-^  72,  while  t^pv-i-  R^  we  have 

n  =  k  log^  (P  V-i-  pv^ . 

The  expression  k  log^  ( 7-^  Q  is  the  one  most 
commonly  used  for  calculating  values  of  the  hori- 
zontal coordinate  for  jwlytropic  paths.  The 
expression  dn  =  dH-h  T  is  general  for  all  re- 
versible paths  and  is  regarded  by  Rankine  as 
the  fundamental  equation  of  thermodynamics. 


m  r 

Fio.  61.  Art,  164.—  Graphi- 
cal Determination  of 
Specific  Heat. 


164.    Computation  of    Specific  Heat.      If    at    any 

point  on  a  reversible  j)ath   a   tangent   be   drawn,  the 

length  of  the  subtangeut  on  the  A^-axis  represents  the 

value  of  the  specific  heat  at 

that  point.  In  Fig.  51,  draw  the  tangent  nm  to  the 
curve  A  B  at  tlie  point  n  and  construct  the  infinitesimal 
triangle  dtdn.  From  similar  triangles,  mrxnrwdnidt^ 
or  mr  =  Tdn  -  dt  =  dll  -i- dt  =  s  (Art.  112). 


165.   Comparison  of  Specific  Heats.     If  a  gas  is 

heated  at  constant  pressure  from  a,  Fig.  52,  it  will 
gain  lieat  and  temperature,  following  some  such 
])ath  as  a/>.  If  lieated  at  constant  volume, 
through   an   equal  range  of  temperature,   a  less 


/ 


N 


d 

Fig.  52.    Art.  1()5.   -Com- 
parison of  Specific  Heats. 
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quantity  of  heat  will  be  gained ;  i.e,  the  subtended  area  a-e/d  will  be  Jess 
than  the  area  abed.  In  general,  the  less  the  specific  heat,  the  more 
nearly  vertical  will  be  the  path.  (Compare  Fig.  49.)  When  k  =  0,  the 
path  is  vertical ;  when  k  =  oo,  the  path  is  horizontal. 

166.  Properties  of  the  Carnot  Cycle.  In  Fig.  48,  it  is  easy  to  see  that 
since  efficiency  is  equal  to  net  expenditure  of  heat  divided  by  gross  ex- 
penditure, the  ratio  of  the  areas  abdc  and  abXn  expresses  the  efficiency, 
and  that  this  ratio  is  equal  to  (T— f)-j-  T.  The  cycle  abdc  is  obviously 
the  most  efficient  of  all  that  can  be  inscribed  between  the  limiting  iso- 
thermals  and  adiabatics. 

167.  Other  Deductions.  The  net  enclosed  area  on  the  TN  diagram 
represents  the  net  movement  of  heat.  That  this  area  is  always  equivalent 
to  the  corresponding  enclosed  area  on  the  PF' diagram  is  a  statement  of 
the  first  law  of  thermodynamics.  Two  statements  of  the  second  law  have 
just  been  derived  (Art.  166).  The  theorem  of  Art.  106,  relating  to  the 
representation  of  heat  absorbed  by  the  area  between  the  adiabatics,  is 
accepted  upon  inspection  of  the  T^V diagram.  That  of  Art.  150,  from  which 
the  Kelvin  absolute  scale  of  temperature  was  deduced,  is  equally  obvious. 

168.  Entropy.  The  horizontal  or  incoordinate  on  the  diagram 
now  presented  was  called  by  Clausius  the  entropy  of  the  body.     It 

may  be  mathematically  defined  as  the  ratio  n  =  ( -^*    Any  physical 

definition  or  conception  should  be  framed  by  each  reader  for  himself. 
Wood  calls  entropy  "  that  property  ot  the  substance  which  remains 
constant  throughout  the  changes  represented  by  a  [reversible]  adia- 
batic  line."  It  is  for  this  reason  that  reversible  adiabatics  are  called 
isentropics,  and  that  we  have  used  the  letters  w,  iV  in  denoting 
X .  adiabatics. 

169.  General  Formulas.  It  must  be  thoroughly 
understood  that  the  validity  of  the  entropy  diagram  is 
dependent  upon  the  fact  that  entropy  is  a  cardinal  prop- 
erty, like  pressure,  volume,  and  temperature.  For  this 
reason  it  is  desirable  to  become  familiar  with  compu- 
tations of  change  of  entropy  irrespective  of  the  path 
pursued.  Otherwise,  the  method  of  Art.  1G3  is  usually 
Fio.54.  Arte.  160, 3290.—  more  convenient. 

Consider  the  states  a  and  6,  Fig.  54.     Let  the 
substance  pass  at  constant  pressure  to  c  and  theuce  at  constant  volume       ^S^ 


^^^' 
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to  6.    The  entropy  increases  by  k  log^  — ^  +Z  log,  ^  (Art.  163),  k  and  I 

•'■a  •*■  e 

in  this  instance  denoting  the  respective  special  values  of  the  specific 
heats.     An  equivalent  expression  arises  from  Charles'  law: 

n  =  k  log.  ^  +  I  log.  g  =  A:  log.  ^  +  I  log.  ^,  (A) 

in  which  last  the  final  and  initial  states  only  are  included. 
We  may  also  write, 

rp         PjV,  lOiJ     TT* 

n=l  log.  4f+       ^  >  Arts.  94,  95, 163, 

=  J  log.  ^+{k-V)  log.  ^»,  Arts.  51,  66 :  (B) 

and  further, 

«  =  *log.|'  +  (*-01og.^' 

=  *log.^'  +  (A;-01og.^".  (C) 

The  entropy  is  completely  determined  by  the  adiabatic  through  the  state  point. 

T 
In  the  expression  n^  =  kj^  log^— ,  the  value  of  n^  apparently  depends  upon  that  of  ibp 

V 

which  is  of  course  related  to  the  path ;  along  another  path,  the  gain  or  loss  of 

T 

entropy  might  be  n^  =  k-z  log^— >  a  different  value;  but  although  the  temperatures 

C' 

would  be  the  same  at  the  beginning  and  end  of  both  processes,  the  pressures  or 
volumes  would  differ.  The  states  would  consequently  be  different,  and  the  values 
of  n  should  therefore  differ  also. 

A  graphical  method  for  the  transfer  of  perfect  gas  paths  from  the  PF  to  the 
TN  plane  has  been  developed  by  Berry  (1). 

169a.  Mixtures  of  Liquids.  When  m  lb.  of  water  are  heated  from 
32°  to  t^  absolute,  the  specific  heat  being  taken  at  unity,  the  gain  of 
entropy  is 

m  log.  j^. 


Let  m  lb.  at  t^  be  mixed  with  n  lb.  at  <i®,  the  resulting  temperature 
of  (m-f-n)  lb.  being  (from  Art.  25),  without  radiation  effects, 
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This,  if  heated  from  32°  to  ^o**  ,  would  have  acquired  the  entropy 

(m+n)  loge^, 

and  the  change  in  aggregate  entropy  due  to  the  mixture  is 

m  log.  ^+n  log.  I2-  (m+n)  log.  (^^|l±^). 

The  mixing  of  substances  at  different  temperatures  always  in- 
creases the  aggregate  entropy.  Thus,  let  a  body  of  entropy  n,  at 
the  temperature  /,  discharge  a  small  amount,  H,  of  its  heat  to  an  adjacent 
body  of  entropy  N  and  temperature  T,  The  aggregate  entropy  before 
the  transfer  is  n-\-N;  after  the  transfer  it  is 


(»-?) + i"*^- 


H     H 
and  since  i> T,  'j<7p  and  the  loss  of  entropy  is  less  than  the  gain: 


or 


IH)+K?)}>("+^- 


170.  Other  Names  for  n.  Rankine  called  n  the  thermodynamic  func- 
tion. It  has  been  called  the  *'  heat  factor."  Zeuner  describes  it  as 
**  heat  weight."  It  has  also  been  called  the  "  mass  "  of  heat.  The 
letters  T,  -V,  which  wc  have  used  in  marking  the  coordinates,  were 
formerly  replaced  by  the  Greek  letters  theia  and  phi,  indicating  abso- 
lute temperatures  and  entropies;  whence  the  name,  theta-phi  diagram. 
The  TN  diagram  is  now  commonly  called  the  temperature-entropy 
diagram,  or,  more  briefly,  the  entropy  diagram. 

171.  Entropy  Units.  Thus  far,  entropy  has  been  considered  as  a 
horizontal  distance  on  the  diagram,  without  reference  to  any  particular 
zero  point.  Its  units  are  B.  t.  u.  per  degree  of  absolute  temperature. 
Strictly  speaking,  entropy  is  merely  a  ratio,  and  has  no  dimensional 
units.  Changes  of  entropy  arc  alone  of  physical  significance.  The 
choice  of  a  zero  point  may  be  made  at  random ;  there  is  no  logical  zero  of 
entropy.  A  convenient  starting  point  is  to  take  the  adiabatic  of  the 
substance  through  the  state  P  =  21 16.8,  r=32^  F.,  as  the  OT  axis,  the 
entropy  of  this  adiabatic  being  assumed  to  be  zero,  as  in  ordinary  tables. 
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Thua,  in  Fig.  47  (Art.  158),  the  OT  axis  should  be  ehifted  to  pass  through 
the  point  b,  which  was  located  at  random  horizontally. 

172.  Hydraolic  Analogy.  Tlte  analogy  of  Art.  140  may  be  extended  to  illus- 
trate the  conception  of  ejitropy.  Suppose  a  certain  weight  of  water  H'  to  bo 
maintained  at  a,  height  H  above  sea  level;  and  that  in  paasing  through  a  motor 
its  level  is  reduced  to  k.  The  initial  poteiitial  energy  of  the  water  may  be 
regarded  as  Wll;  the  final  residual  euei^y  as  Wli;  the  energy  expended  as 
W(ll  —  h).  Ijet  this  operation  be  compared  with  that  of  a  Carnot  cycle,  taking 
in  heat  at  T  and  discharging  it  at  (.  Regarding  heat  as  the  product  of  jV  and  T, 
then  the  heat  energies  corresponding  to  the  water  energieti  just  described  are  IVT, 
Nt,  and  JV(r  —  ()  ;  JV  being  analagous  to  W,  tlie  leeighl  of  the  water. 

173.  Adiabatlc  Equation.     Consider  the  states  1  and  2,  on  an  adiabatio 

path,  Fig.  55.    The  change  of  entropy  along  the  constant  volume  path  13 
ia  I  log,  — ;";  that  along  the  constant  pressure  path  32 

is  k   log,  --'■     The  tlifference  of  entropy   between 
1  and  2,  irrespective  of  the  path,  is 


'log.^'  +  i- 


.  S- 


Adiabalic  EqllutioD. 


For  a  reversible  adiabatic  pi-ocess,  this  is  equal  to 
zero :  whence 


I  log.  --'  =  —  fc  log.  —',  or  y  log.  V^  ■(-  log,  P-,~y  log,  F,  +  log,  Py 
from  which  we  readily  derive  /*,!',''  =  I'lVl,  'he  eq<iatitni  of  the  adiabalic. 

174.  Use  of  the  Entropy  Diagram.  The  intelligent  use  of  the  entropy 
diagfaui  is  of  fiuidaiuental  importance  in  simplifying  thermodynamic  oon- 
oeptiona.  The  mathematical  processes  formerly  adhered  to  in  presenting 
the  subject  have  been  largely  abandoned  in  recent  text-books,  largely 
ac<^unt  of  the  simplicity  of  illustration  made  possible  by  employing  tba 
2"^  coordinates. 

Belpaire  was  probably  the  first  to  appreciate  their  n.ietuIneBS.  Gibbs,  at  aboul 
the  same  date,  1ST3,  presented  the  method  in  this  country  and  6ret  employed  U 
codrdinates  the  three  properties  volume,  entropy,  and  internal  energy,  Linde,. 
Scbroeter,  Hermann,  Zeuner,  and  Gray  used  TN  diagrams  prior  to  ISfiO.  Cotterill, 
Ayrton  and  Perry,  Dwelshauvers  Deiy  and  Ewing  have  employed  them  to  a  con- 
siderable  extent.  Detailed  treatments  of  thU  thermodynamic  method  bave  been 
given  by  Boulvin,  Reeve,  Berry,  and  Golding  (2).  .Sonte  precautions  necessary  in 
iU  practical  application  are  suggested  in  Arts.  lJl-45!t. 
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Iereversible  Processes 

175.  Modification  of  the  Entropy  Conception.  It  is  of  importance  to  distinguish 
between  reversible  and  irreversible  processes  in  relation  to  entropy  changes. 
The  significance  of  tlie  term  reversible,  as  ap- 
plied to  a  path,  was  discussed  in  Art.  125.  A 
process  is  reversible  only  when  it  consists  of  a 
series  of  successive  states  of  thermal  equilib- 
rium. A  series  of  paths  constitute  a  reversible 
process  only  when  they  form  a  closed  cycle, 
each  path  of  which  is  itself  reversible.  The 
Carnot  cycle  is  a  perfect  example  of  a  reversible 
process.  As  an  exainple  of  an  irreversihle  c'/cle, 
let  the  substance,  after  isothermal  exi>ansi()n, 
as  in  the  Carnot  cycle,  be  transferred  directly 
to  the  condenser.  Heat  will  be  abstracted,  and 
the  pressure  may  be  reduced  at  constant  vol- 
ume, as  along  he.  Fig.  50.  Then  allow  it  to  compress  isothermally,  as  in  the 
Carnot  cycle,  and  finally  to  be  transferred  to  the  source,  where  the  temperature 
and  pressure  increase  at  constant  volume,  as  along  da.  This  cycle  cannot  be 
operated  in  the  reverse  order,  for  the  pressure  and  temj^erature  cannot  be  reduced 
from  a  to  d  while  the  substance  is  in  communication  with  the  source,  nor  increased 
from  c  to  6  while  it  is  in  communication  with  the  condenser. 
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Art.  175. —  Irreversible 

Cycle. 


176.  Irreyersibility  in  the  Porous  Plug  Experiment.  We  have  seen  that  in  this 
instance  of  unresisted  expansion,  the  fundamental  formula  of  Art.  12  becomes 
If  =  T-j-  I  +  W  +  V  (Art  127).  Knowing  //  =  0,  IV  =  0,  we  may  write 
( 7*  -|-  I)  =  —  K,  or  velocitt/  is  attained  at  the  expense  of  the  internal  energy.  The 
velocity  evidences  kinetic  energy  ;  mechanical  work  is  made  possible ;  and  we  might 
expect  an  exhibition  of  such  work  and  a  fall  of  internal  energy,  and  consequently 
of  temperature.  But  we  find  no  such  utilizat  ion  of  the  kinetic  energy  of  the  rapidly 
flowing  jet;  on  the  contrary,  the  gas  is  gradually  brought  to  rest  and  the  velocity 
derived  from  an  expenditure  of  internal  energy  is  reconverted  to  internal  energy. 
The  process  was  adiabatic,  for  no  transfer  of  heat  occurred;  it  was  at  the  same 
time  isothenmal,  for  no  change  of  temperature  occurred  ;  and  while  both  adial>atic 
and  isothermal,  no  external  work  was  done,  so  that  the  PT  diagram  is  invalid. 

Further :  the  adiabatic  path  here  considered  was  not  isentroi)ic,  like  an  ordinary 
adiabatic.     The  area  under  the  ]vith  on  the  7'.V diagram  no  longer  represents  heat 

absorbed  from  surrounding  bodies.     Neither  does  dn  =  -  — ,  for  //  is  zero,  while 

n  is  finite.     The  expression  for  increase  of  vntroptj.   \'      ,  tdong  a  reversible  path,  does 
ncl  hold  for  irreversible  operations. 

In  irreversible  operations,  the  expression  P  ceases  to  represent  a  cardinal 
property.    We  have  Uie  following  propositions : 
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(a)  In  a  reversible  operation,  the  sum  of  the  entropies  of  the  participating  substances 
is  unchanged.  During  a  reversible  change,  the  temperatures  of  the  heat-absorbing 
and  heat-emitting  bodies  must  differ  to  an  infinitesimal  extent  only;  they  are  in 
finite  terms  equal.     The  heat  lost  by  the  one  body  is  equal  to  the  heat  gained  l)y 

the  other,  so  that  the  expression  y-  denotes  both  the  loss  of  entropy  by  the  one 

substance  and  the  gain  by  the  other;  the  total  stock  of  entropy  remaining  constant. 
(/>)  Dunng  irreversible  operations,  the  aggregate  entropy  increases.  Consider  two 
engines  working  in  the  Carnot  cycle,  the  first  taking  the  quantity  of  heat  H^  from 
the  source,  and  discharging  tlie  quantity  //^  to  the  condenser;  the  second,  acting 
as  a  heat  pump  (Art.  130),  taking  the  quantity  If./  from  the  condenser  and  restoring 
///  to  the  source.  Then  if  the  work  produced  by  the  engine  is  expended  in  driving 
the  pump,  without  loss  by  friction, 

11^  -  ^2  =  ///  -  H^\ 

If  the  engine  is  irreversible,  II x>  II\^  or  //,  —  11^' >0,  whence,  H^  —  H^*'>Q.     If 

we  denote  by  a   a  positive   finite   value,    //,  =  Z/^'  +  a  and  H^  =  H^  +  a.     But 

H '      T  II '     H ' 

^  =  ^' ,  or  -^  -  -^^-  =  0,  and  consequently 

Since  T^  >  T^  ^^  -  ^^  <  0,  or  ^^>^,  or,  generally,  J -y  <  0.     The  value  of 
f '—  is  thus,  for  irreversible  cyclic  operations,  negative. 

Now  let  a  substance  work  irreversibly  from  A  to  B,  thence  reversihly  from  B  to 
A.     We  may  write 

0rrev.)  (rev.)  (Irrev.)  (rev.) 

But  the  change  of  entropy  of  the  substance  in  passing  from  A  to  B  is  iV^—  iV^  =1      — , 

Ja     T 

dll  being  the  amount  of  heat  absorbed  along  any  reversible  path,  while  the  change 
of   entropy   of   the   source   which   supplies   the  substance   with   heat   (reversibly)    is 

-— ,  the  negative  sign  denoting  that  heat  has  been  abstracted. 
A     I^ 

We  have  then,  from  equation  (A), 

-  (Nn'  -  NO  -  (Ne  -  Na)  <  0 ;  or,  (Nb  +  Nb')  -  (Na  +  iV/)  >0; 

i.p.  the  sum  of  the  entropies  of  the  participating  substances  increases  when  the 
]>rocess  is  irreversible. 

(c)  The  loss  of  ivork  due  to  irreversUnlity  is  proportional  to  the  increase  of  entropy. 
Consider  a  partially  comi)leted  cycle :  one  which  might  be  made  complete  were  all 
of  the  paths  reversible.  Let  the  heat  absorbed  be  Q,  at  the  temperature  7*,  in- 
creasing the  entropy  of  the  substance  by  ^,;  and  let  its  entropy  be  further  increased 


IRREVERSIBILITY  103 

by  iV — iV  during  the  process.    The  total  increase  of  entropy  is  then  n  =  iV  ~  iV4-  ^, 

whence  Q  =  T(n  —  iV'  +  iV).  The  work  done  may  be  written  as  //  —  //'  +  Q,  in 
which  H  and  H'  are  the  initial  and  final  heat  contents  respectively.     Calling  this 

Wf  we  have 

In  a  reversible  cycle  J  — -  =  n  =  0 ;  whence  Wji  =  H  —  IP  -\-  T(N  —  N')  and 
Wm-  W=  Tn.  ^ 

(A  careful  distinction  should  be  made  at  this  point  between  the  expression 

I  —-;•  and  the  term  entropy.    The  former  is  merely  an  expression  for  the  latter 

under  specific  conditions.  In  the  typical  irreversible  process  furnished  by  the 
porous  plug  experiment,  the  entropy  increased ;  and  this  is  the  case  generally  with 

such  processes,  in  which  rfn>-— •     Internal  transfers  of  heat  may  augment  the 

entropy  even  of  a  heat-insulated  body,  if  it  be  not  in  uniform  thermal  condition. 
Perhaps  the  roost  general  statement  possible  for  the  second  law  o{  thermody- 
namics is  that  all  actual  processes  tend  to  increase  the  entropy :  as  we  have  seen,  this 
keeps  possible  efficiencies  below  those  of  the  perfect  reversible  engine.  Tlie  prod- 
uct of  the  increase  of  entropy  by  the  temperature  is  a  measure  of  the  waste  of 
energy  (3).) 

Most  operations  in  power  machinerv  mav  without  serious  error  be  analyzed 
as  if  reversible ;  unrestricted  expansions  must  always  be  excepted.  The  entropy 
diagram  to  this  extent  ceases  to  have  ''an  automatic  meaning.*' 

(1)  Tlie  Temp^rature-Entrttpy  Diagram,  1008.  (2)  See  Berry,  op,  cit.  (3)  The 
works  of  Preston,  Swinburne,  and  Planck  may  be  consulted  by  those  interested  in  this 
aspect  of  the  subject.  See  also  the  pai:er  bj-  M'Cadie,  in  the  Journal  of  Electricity, 
Power  and  Gas,  June  10,  1911,  p.  505. 


SYNOPSIS  OF  CHAPTER  VIII 

It  is  impracticable  to  measure  PFheat  areas  between  the  adiabatics. 

The  rectangular  diagram  :  ordinates  =  temperature ;  artms  =  heat  transfers. 

Application  to  a  Camot  cycle  :  a  rectangle.. 

The  validity  of  the  diagram  is  conditioned  upon  the  absoluteness  of  the  horizontal 

co5rdinate. 
The  slope  of  a  path  of  constant  speci^!c  heat  depencLs  \ii>on  the  value  of  the  sppn'flc  hpat. 

The  expression    I  — ^  has  a  definite  value  for  any  reversible  change  of  condition. 

regardless  of  the  path  pursued  to  effect  the  change. 

dll  T  T 

dn  =  — ,  or  n  =  ifc loge  —  for  constant  specific  heat  =  k,  or  n  =  a  log*  ^ -\-  h{T—  t)  for 

■It  t 

vaHabU  specific  heat  ^a-^-hT, 
The  valoe  of  the  specific  heat  along  a  poly  tropic  is  represented  by  the  length  of  the  sufj^ 

tangent. 
I. lustrations:  comparison  of  k  and  I;  efficiency  of  Camot  cycle;  the  first  law;  the 

second  law ;  heat  area  between  adiabatics ;  Kelvin's  absolute  scale. 
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Entropy  units  are  B.  t.  u.  per  degree  absolute.     The  adiabatic  for  zero  entropy  is  at 

n^k  log,^  -f  nog3  =  nog,-^  +  (fc  -  0  log*  X  =  fcloge^  +  (fc  -  0  loge^^ 
•^a  -'a  -'a  '^a  -^a  'ft 

The  mixing  of  substances  at  different  temperatures  increases  the  aggregate  entropy. 
Hydraulic  analogy  ;  physical  significance  of  entropy  ;  use  of  the  diagram. 
Derivation  of  the  adiabatic  equation. 

Irreversible  Processes 

A  reversible  cycle  is  composed  of  reversible  paths ;  example  of  an  irreversible  cycle. 
Joule's  experiment  as  an  example  of  irreversible  operation. 

Heat  generated  by  mechanical  friction  of  particles ;  the  path  both  isothermal  and  adia- 
batic, but  not  isentropic. 

H=  r+/4-  W-\-  Tor  r  =  -(/+  T), 

dH 
For  irreversible  processes,  dn  is  not  equal  to  -^ ;  the  subtended  area  does  not  repre- 
sent a  transfer  of  heat ;  non-isentropic  adiabatics. 
In  reversible  operations,   the  aggregate  entropy  of  the   participating  substances  is 

unchanged. 

C  dH 

During  irreversible  operations,  the  aggregate  entropy  increases,  and  i  — ^<0. 

The  loss  of  work  due  to  increase  of  entropy  is  n  T;  dn>  ^H,, 

T 


PROBLEMS 

1.  Plot  to  scale  the  TiVpatli  of  one  pound  of  air  heatecl  (a)  at  constant  pressure 
from  100°  F.  to  200°  F.,  then  (h)  at  constant  volume  to  300°  F.  Tlie  logarithmic 
curves  may  be  treated  as  two  straight  lines. 

2.  Construct  the  entropy  dia<?ram  for  a  Carnot  cycle  for  one  pound  of  air  in  which 
T=  400°  F.,  t  =  100°  F.,  and  the  volume  in  the  lirst  stage  increases  from  1  to  4  cubic 
feet.    Do  not  use  the  formulas  in  Art.  169. 

8.  Plot  on  the  T.V  diagram  paths  along  which  the  specific  heats  are  respectively 
0,  00,  3.4,  0.23,  0.17,  -0.3,  -10.4,  between  T  =  451).C  and  r=l»l0.2,  treating  the 
logarithmic  curves  as  straight  lines. 

4.  The  variable  specific  heat  beinj,'  0.20-0.0004  T- 0.000002  T*  (T  being  in 
Fahrenheit  degrees),  plot  the  TX  path  from  100°  F.  to  140°  F.  in  four  steps,  using 
mean  values  for  the  specific  heat  in  each  step. 

Find  by  integration  the  change  of  entropy  during  the  whole  oi)eration. 

6.  What  is  the  specific  heat  at  T  =  40  (absolute)  for  a  path  the  equation  of 
which  on  the  TN  diagram  is  TN=  c  =  1200  ?     {Ans.,  —32.) 

6.  Confirm  Art.  134  by  comput^itiou  from  the  T-V  diagram. 

7.  Plot  the  path  along  whidi    1  unit  of  entropy  is  gained  per  100®  absolute. 
What  is  the  mean  specific  heat  aloni?  tliis  path  from  0°  to  400°  absolute?    Begin  at  0®. 

8.  What  is  the  cut  ropy  moasuicd  above  the  arbitrary  zero  per  pound  of  air  at 
normal  atmospheric  pressure  in  a  room  at  70°  F.?     {Ana,,  0.01766.) 
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9.  Find  the  arbitraiy  entropy  of  a  pound  of  air  in  the  cylinder  of  a  compressor 
at  2000  lb.  pressare  per  square  inch  and  142^  F.     {Arts.,  0.301.) 

10.  Find  the  entropy  of  a  sphere  of  hydrogen  10  miles  in  diameter  at  atmospheric 
preasnre  and  US'*  F.     {Ans,,  289,900,000,000.) 

11.  The  specific  heat  being  0.24  +  0.0002  7,  find  the  increase  in  entropy  between 
459.6  and  919.2  degrees,  all  absolute.  What  is  the  mean  specific  heat  over  this 
range  ?     (Ans.,  increase  of  entropy  0.25809 ;  mean  specific  heat,  0.378.) 

12.  In  a  Camot  cycle  between  SOO""  and  lOO"",  200,000  ft.  lb.  of  work  bre  done. 
Find  the  amount  of  heat  supplied  and  the  variation  in  entropy  during  the  cycle. 

13.  A  Camot  engine  works  between  500®  and  200®  and  between  the  entropies 
1.2  and  1.45.     Find  the  ft.  lb.  of  work  done  per  cycle. 

14.  To  evaporate  a  pound  of  water  at  212**  F.  and  atmospheric  pressure,  970.4  B.  t.  u. 
are  required.  If  the  specific  volume  of  the  water  is  0.016  and  that  of  the  steam 
26.8,  find  the  changes  in  internal  energy  and  entropy  during  vaporization. 

15.  Five  pounds  of  air  in  a  steel  tank  are  cooled  from  300®  F.  to  150®  F.  Find 
the  amount  of  heat  emitted  and  the  change  in  entropy.     {I  for  air  ==0. 1689.) 

16.  Compare  the  internal  enei^  and  the  entropy  per  pound  of  air  when  (a)  50 
en.  ft.  at  90®  F.  are  under  a  pressure  of  100  lb.  per  sq.  in.,  and  (6)  5  cu.  ft.  at  100® 
F.  are  subjected  to  a  pressure  of  1200  lb.  per  sq.  in. 

17.  Air  expands  from  p=  100,  yj—4  to  P=40,  F=8  (lb.  per  sq.  in.  and  cu.  ft  per 
lb.).    Find  the  change  in  entropy,  (a)  by  £q.  {A)  Art.  169,  (6)  by  the  equation 

nj—  iH  -8  log,  ^,  where  a-l  — — ^. 

18  A  mixture  is  made  of  2  lb.  of  water  at  100®,  4  lb.  at  160®,  and  6  lb.  at 
M*  (all  Fahr.).    Find  the  aggregate  entropies  before  and  after  mixture^' 
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CHAPTER   IX 

COMPRESSED    AIR  (1) 

177  Compressed  Air  Engines.  Engines  arc  sometimes  used  in  which  the 
working  substance  is  cold  air  at  liigh  pr.'ssure.  The  pressure  is  previously  pro- 
duced by  a  separate  device ;  tlie  air  is  then  transmitted  to  the  engine,  the  latter 
being  occasionally  in  the  form  of  an  ordinary  steam  engine.  This  type  of  motor 
is  often  used  in  mines,  on  locomotives,  or  elsewhere  where  excessive  losses  by  con- 
densation would  follow  the  use  of  steam.  For  small  powers,  a  simple  form  of 
rotary  engine  is  sometimes  employed,  on  account  of  its  convenience,  and  in  spite 
of  its  low  efficiency.  The  absence  of  heat,  leakage,  danger,  noise,  and  odor  makes 
these  motors  popular  in  those  cities  where  the  public  distribution  of  compreased 
air  from  central  stations  is  practiced  (la).  The  exhausted  air  aids  in  ventilating 
the  rooms  in  which  it  is  used. 

178.  Other  Uses  of  Compressed  Air.  Aside  from  the  driving  of  engines,  high- 
pressure  air  is  used  for  a  variety  of  purposes  in  mines,  quarries,  and  manufac- 
turing plants,  for  operating  hoists,  forging  and  bending  machines,  punches,  etc., 
for  cleaning  buildings,  for  operating  "  steam  "  hammers,  and  for  pumping  water 
by  the  ingenious  "air  lift**  system.  In  many  works,  the  amount  of  power  trans- 
mitted by  this  medium  exceeds  that  conveyed  by  belt  and  shaft  or  electric  wire. 
The  air  is  usually  comi>ressed  by  steam  power,  and  it  is  obvious  that  a  loss  must 
occur  in  the  transtormation.  Tl)is  loss  may  be  offset  by  the  convenience  and  ease 
of  transmitting  air  as  compared  with  steam;  the  economical  generation,  distribu- 
tion, and  utilization  of  tins  form  of  power  have  become  matters  of  first  importance. 

The  first  applications  were  made  durihg  the  building  of  the  Mont  Cenis  tun- 
nel through  the  Alps,  about  1800  (2).  Air  was  there  employed  for  operating 
locomotives  and  rock  drills,  following  Colladon's  mathematical  computation  of 
the  small  loss  of  pressure  during  comparativ«^ly  long  transmissions.  A  general 
introduction  in  mining  operations  follow(Mi.  Two-stage  compressors  with  inter- 
coolers  were  in  use  in  this  country  as  e.irly  as  1881.  Among  the  projects  sul>- 
mitted  to  the  international  commission  for  the  utilization  of  the  power  of  Niagara, 
there  were  three  in  which  distribution  by  compressed  air  was  contemplated.  Wide- 
spread industrial  applications  of  this  medium  have  accompanied  the  perfecting  of 
the  small  modern  interchangeable  "pneumatic  tools.** 

179.  Air  Machines  in  General.  In  the  type  of  machinery  under  consideration, 
a  considerable  elevation  of  }>ressure  is  attained.  Centrifugal  fans  or  paddle-wheel 
blowers,  commonly  employed  in  ventilating  plants,  move  large  volumes  of  air  at 
Tery  slight  pressures,  —  usually  a  fraction  of  a  pound,  —  and  the  thermodynamio 
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relations  ftre  uDimportaDt.  Rotary  blowers  are  used  for  moderate  pressures,  —  up 
to  20  Ib^  —  but  they  are  generally  wasteful  of  power  and  are  principally  employed 
to  furnish  blast  for  foundry  cupolas,  forges,  etc.  The  machine  used  for  com- 
pressing air  for  power  purposes  is  ordinarily  a  piston  compressor,  mechanically 
quite  similar  to  a  reciprocating  steam  engine.  These  compressors  are  sometimes 
employed  for  comparatively  low  pressures  also,  as  ^^  blowing  engines.** 


The  Air  Engine 

180.  Air  Engine  Cycle.  In  Fig.  57,  ABCD  represents  an  ideal- 
ized air  engine  cycle.  AB  shows  the  admission  of  air  to  the  cylin- 
der. Since  the  latter  is  small  as  compjired  with  the  triiiKsn:itting 
pipe  line,  the  specific  volume  and  pres-  p 
sure  of  the  fluid,  and  consequently 
its  temperature  as  well,  remain  un-  ^ 
changed.  BC  represents  expansion 
after  the  supply  from  the  mains  is 
cut  off.  If  the  temperature  at  B  is  that  f 
of  the  external  atmosphere,  and  ex- 
pansion proceeds  slowly,  so  that  any 
fall  of  temperature  along  BC  is  oflfset  u 
by  the  transmission  of  heat  from  tlie 
outside  air  through  the  cylinder  walls,  ^ 

,.     ,.         .  .     ^,  1        Tf    1  Fio.  57.     Arts.  180-18.J,  189,  222,  223, 

this  line  IS  an  XBoihermal.      If,  however,         226.  Prob.  C- Air  Engine  Cycles. 

expansion  is  rapid,  so  that  no  transfer 

of  heat  occurs,  BO  will  be  an  adiabatlc.  In  practice,  the  expansion 
line  is  a  polytropic,  lying  umilly  l>etween  the  adiabatic  and  the 
isothermal.  CD  represents  the  expulsion  of  the  air  from  (lie  cyl- 
inder at  the  completion  of  the  working  stroke.  At  7),  the  inlet 
valve  opens  and  the  pressure  rises  to  that  at  A.  Tiic  volumes 
shown  on  this  diagram  are  not  specific  volumes,  but  volumes  of  air  in 
the  cylinder.     Subtended  areas,  nevertheless,  represent  external  work. 


181.  Modified  Cyde.  The  additional  work  area  LMC  obtained  by  ex- 
pansion beyond  some  limiting  volvnne,  say  that  along  xy,  is  small.  A 
slight  gain  in  efficiency  is  thus  made  at  the  cost  of  a  muoli  larger  cylin- 
der. In  practice,  the  cycle  is  usually  terminated  prior  to  complete  expan- 
sion, and  has  the  form  ABLMD,  the  line  LM  representing  the  fall  of 
pressure  which  occurs  when  the  exhaust  valve  opens. 
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182.  Work  Doae.  Letting  p  denote  the  pressure  aloug  AB,  P 
the  pressure  at  the  end  of  the  expansion,  q  the  "  back  pressure " 
along  MD  fslightly  above  that  of  the  atmosphere),  and  letting  » 
denote  the  volume  at  .fi,  and  ?'"tliat  at  the  end  of  expansion,  both 
volumes  being  measured  from  OA  as  a  line  of  zero  volumes,  then, 
for  isothermal  expansion,  the  work  done  is 

pv+pi)Iog,  —  — gK; 

and  for  expansion  such  that  pv"  =  PF",  it  is 

(In  these  and  other  equations  in  the  present  chapter,  the  air  will 
be  regarded  as  free  from  moisture,  a  sufficiently  acciu-ate  method  of 
procedure  for  ordinary  design.  For  air  constants  with  moisture 
effects  considered,  see  Art.  3826,  etc.) 

183,  Maximum  Work.  Under  the  most  favorable  conditions,  expan- 
sion would  be  isotlieimal  and  "  complete " ;  i.e.  continued  down  to  the 
back-pressure  line  CO.  Then,  q  =  P=pv-t-  V,  and  the  work  would  be 
pv  \og,(y-t-  v).     For  complete  adiabalic  expansion,  the  work  would  be 

1B4.  Entropy  DUsram.  This  cannot  li«  obtained  by  direct  transfer  frDm  tha 
/'K  diagram,  becauw  we  are  dealing  with  a.  varying  (juontity  of  air.  The  method 
of  deriving'  an  ill ii.nt rati vc  i^ntropy  diagram  b  explained  in  Art,  218. 

185.  Fall  of  Temperature.  If  air  is  received  by  an  engine  at 
P,  T,  and  expanded  to  p,  t,  then  from  Art.  104.  if  /•-!-j»=  10.  and 
T=  529°  absolute,  with  adiabatic  expansion,  ( =  — 187°  F. 

This  fall  of  temperature  during  adiabatic  expansion  is  a  serious  matter. 
Low  final  temperatures  are  fatal  to  successful  working  if  the  slightest 
trace  of  moisture  is  present  in  the  air,  on  account  of  the  formation  of  ice 
in  the  exhaust  valves  and  passages.  This  difhcnlty  is  counteracted  in 
various  ways:  by  circulating  warm  air  about  the  exhaust  passages;  by 
specially  designed  exhaust  ports;  by  a  reduced  range  of  pressures;  by 
avoidance  of  adiabatic  expansion  (Art.  219);  and  by  thoroughly  drying 
the  air.  The  jacketing  of  the  cylinder  with  hot  air  has  been  proposed. 
Unwin  mentions  (3)  the  nae  of  a  spray  of  water,  injected  into  the  air 
while  passing  through  a  preheater  (Art.  186).  This  reaches  tlie  engine 
as  ateflHt  and  condenses  during  expansion,  giving  up  its  latent  heat  o£ 
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Taporiiation  and  thns  raising  the  temperature.  In  the  experiments  on 
the  use  of  compreesed  air  for  street  raiUiiy  traction  in  New  York,  storiHl 
hot  water  vai  employed  to  prehent  the  air.  The  only  commercially  snc- 
lesslul  method  of  avoiding  inconveniently  low  temperatures  after  expan- 
siun  is  by  raising  the  teinpeiatiire  of  the  inlet  air. 

186.  Preheaters.  In  the  Paris  installation  (4),  small  heaters  vera 
placetl  at  the  various  engines.  These  were  double  cylindrical  boxes  of 
cast  iron,  with  an  intervening  space  through  whioh  the  air  passed  in  a 
ctreuitoua  manner.  The  inner  space  contained  a  coke  fire,  from  which 
ihe  products  of  combustion  passed  over  the  top  and  down  the  outside  of 
the  outer  shell.  For  a  10-hp.  engine,  the  extreme  dimensions  of  the 
heater  were  21  in.  in  diameter  and  33  in.  in  height. 


I 


187.  Economy  of  Preheaters. 

.perature  is  not  wasted.  The 
■Iffht  consumed  in  tlie 
«ngiDe  is  correspondingly 
decreased.  Kenneily  esti- 
mated in  one  case  that 
the  reduction  in  air  con- 
sumption due  to  the  in- 
crease of  TolnniB  should 
have  been,  theoretically, 
0.30;  actually,  it  was  ft.L.'"). 
The  mechanical  etficicncy 
(Art.  214)  of  the  engine 
improved  by  the  use  of 
jheated  air. 
instance,  K 
computed 

o{  225  cu.  ft. 
'  air  (i.e.  nir  "t  <it- 
erie prt»»Hre  mid  tem- 
■)  to  hare  been  ef- 
it  an  ex{>enditiire 
0.4  lb.  of  coke, 
id  that  all  of  the  air 
by  a  72-hp.  engine 
coald  be  heated  to  300°  F. 
by  15  lb.  of  coke  per  hour. 
Figure  58  represents  a 
lern  form  of  preheater. 


The  heat  used  t(>  produce  elevation  of 
vohinie  of  the  air  is  increased,  and  the 
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188.  Volume  of  Cylinder.  If  n  W  the  nuniljer  of  single  strokes  pei 
minute  of  a  double-anting  cnKinc,  T  the  cyUnder  volume  (maximum  vol- 
ume of  fluid),  W  the  number  of  pounds  of  air  used  per  minute,  v  the 
specifir  volume  of  the  ftir  at  its  lowest  pressure  p  and  its  temperature 
t,  jV  the  horse  power  of  the  engine,  and  U  the  work  done  in  foot-pounds 
per  pound  of  air,  then,  ignoring  dearance  (Ihe  space  between  the  piston 
and  the  cylinder  head  at  the  end  of  the  stroke),  the  volume  swept 

through  by  the  piston  per  nunute  =  Wj)=nV  =  H'fl—;  whence 

P 

V^ ;  and  since  WU=i3,000N,W= — >-. — ,   and     V  =  — — ft — - 

np  '  '  '  U      '  nUp     • 

189.  Compressive  Cycle.  For  quiet  running,  aa  well  as  for  other 
reasons,  to  be  discussed  later,  it  is  desirable  to  arrange  the  valve 
movements  so  that  some  air  is  gradually  compressed  into  the  clear- 
ance spaee  during  the  latter  part  of  the  return  stroke,  aa  along  £a. 
Fig.  57.  This  is  accomplished  by  causing  the  exhaust  valve  to  close 
at  E,  the  inlet  valve  opening  at  a.  The  work  expended  in  this  com- 
pression is  partially  recovered  during  the  subsequent  forward  stroke, 
the  air  in  the  clearance  space  acting  as  an  elastic  cushion. 

190.  Actual  Design.     A  single-acting  10-hp.  air  engine  at  100  r.  p.  m,, 

W(n-kiiig  Iwtwpeu  114.7  and  1-1.7  lb.  absolute  pressure,  with  an" appar- 
ent"' (Art  4;>0j  vohime  ratio  during  expansion  of  5 ;  1  and  clearance  equal 
to  5  per  cent  of  the  piston  displacement,  begins  to  compress  when  the 
return  stroke  of  the  piston  is  -^^  completed.  The  expansion  and  compres- 
sion curves  are  PV'^c.  Assuming  that  the  actual  engine  will  give  90 
per  cent  of  the  work  theoretically  computed,  find  the  size  of  cylinder 
(diameter  =  stroke)  and  the  free  air  consumption  per  Ihp.-hr. 

In  Fig.  59,  draw  the  lines  a'-  und  ci  represfnting  the  pressure  limita  We  ar» 
to  construct  the  ideal  P\'  dingram,  making  its  enclosed  length  I'epresent.  to  any 
convenient  noale,  the  dUplacernei.t  of  the  piston  per  ttlroke.  The  extreme  length 
of  the  diagram  from  the  nP  a^tis  will  be  5  per  cent  greater,  on  account  of  clfiar- 
anoe.  The  limiting  volume  lines  c/  and  jft  are  thus  sketched  in  ;  JIC  is  plotted, 
nmking  ~n=  5i  the  point  iS  is  taken  so  that  ^  =  0.9,  and  £F  drawn.  Then 
A  BCDEF  m  the  ideal  diagram.     We  linve,  putting  Di  =  D, 

P,  =  P^=  114,7. 

P„=  Pg  =  U.7. 

IV  =  I'd  =  1.05  a 

I',  =  (l.25fl. 

F„=  Vi  =  0.050. 

r,=  0.15i). 


DESIGN  OF  AIR  ENGINE 

PoVo'  =  PbVb'  or  Pc  =  P'^^y  =  "4.7(51=1)"  =  17.75. 

i>,IV  =  P,IV  or  />,=  P,  (f^)"  =  14.7(;;;J|)"  =  61.31. 
Work  per  stroke  =j.\Bi  +  iBCm  -  fiZJ/nA-  -yF£i 
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-P*F, 


-1 
=  144[(1U.7  X  0.20 D)  +  0 '4-7  x  0.2.5  7)) -^(17.75  x  1.05  D) 

-  (14.7  X  0.9  D)  -  (61.31  X  0.05  7))  -  (14.7  x  0.15  g)| 
=  5803.2  D  foot-pounds. 

The  actual  engine  will  then  give  0.9  x  580:j.2  D  =  5222.88  D  foot-pounds  per  stroke 
or  5222.88  2)  x  100  foot-pounds  j)er  minute,  which  is  to  be  made  equal  to  10  hp.,or 


-6     U4.7 


k        i 
Fio.  r»9.    Art.  100.— Desifm  of  Air  Engine. 
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to  10  X  a3,000  foot-pounds.  Then  522.288  D  =  .^'lO.OOO  and  D  =  0.0.3  en.  ft.  Since 
the  diameter  of  the  engine  equals  its  stroke,  we  write  0.7851  tl^  x  d  =  0.(>3  x  1728, 
where  d  is  the  diameter  in  inches:  whence  //  =  11.15  in. 

To  esttmate  the  air  consumption:  at  the  point  B.  the  whole  volume  of  air  is 
0.25  D.  Part  of  this  is  clearance  air,  ns-^d  repeatedly,  and  not  chartjeaMe  to  the 
engine.     The  clearance  air  at  E  had  the  volume  Vg  and  the  pre>snr<'  /V     If  its 
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behavior  conforms  to  the  law  PV 
we  would  have 

niV  =  P,IV  or  Vo  =  VJ^Y^'  =  0.15 


then  at  the  pressure  of  114.7  lb.  (point  G) 


liJV 


^OMOQD. 


VlH.7, 
The  volume  oijreih  air  brought  into  the  cylinder  per  strolce  is  then 

0.25  D  -  0.0309  D  =  0.21J)1  D 
or,  per  hour,  0.2191  x  0.«3  x  100  x  60  =  823  cu.  ft  Kediiced  tojret  air  (Art.  187), 
this  would  be  828  x  57—=  0450  cu.  tt^  or  045  cu.  ft.  per  Ihp.-hr.  (CompaM 
Art.  192.)  ' 

191.  Efiect  of  Early  CompresBion.     If  compreasion  vera  to  begin  at  a  sal 
cieutly  uarly  point,  so  that  tlie  pressure  were  raised  to  that  in  the  supply  pip9 
before  the  adtoissiou  valve  ojiened,  the  fre.sh  air  would  fiud  the  clearance  space 
already  completely  filled,  and  a  leas  quantity  of  such  fresh  air,  by  0.05  D,  instead 
of  0.03O9  D,  would  be  required. 

192.  Actual  Performances  of  Air  Engines.     Kennedy  (5)  found  a  con. 

sumption  of  81)0  (u.  ft.  of  free  air  per  Ilip.-lir.,  in  a  small  horizontal  ateata 
engine.  Under  the  comlitious  wf  Art.  183,  the  theoretical  ?AaxtmAn  work 
which  this  quantity  of  air  could  perforin  is  1.27  hp.  The  cylinder  efii- 
ciency  (Art.  215)  of  the  engine  was  therefore  1.0-^-1.27=0.79.  With 
small  rotary  eugines,  witlioiit  ex[Tauaion,  tuata  of  the  Paris  compressed  air 
system  showed  free  air  consumption  ratea  of  from  1946  to  lU.'iO  eu.  ft 
By  working  these  motors  expansively,  the  rates  were  brought  withio 
the  range  from  848  to  1286  cu.  ft.  A  good  reciprocating  engine  with  pre- 
heated  air  realized  a  rate  of  477  cu.  ft.,  corresponding  to  36.4  lb.,  per 
brake  horse  power  per  hour.  The  cylinder  efficiencies  in  these  examples 
varied  from  0,368  to  0,876,  and  the  merlianical  efficiencies  (Art.  214)  from 
0.85  to  0.92. 

The  Aiit  CoMi'itE-ssoH 

193.  Action   of   Piston   Compressor.     Figure   60   represents   tiii 
parts  concerned  in  tin;  cyi'le  of  an  air  compressor.     Air  is  drawa 

frnui  llie  alTnoHpliere  through  the  spring  check 
valve  (I,  filling  the  space  0  in  the  cylinder.  Thia 
inflow  of  air  contiuuea  until  the  pistou  has 
reached  its  extreme  right-hand  position.  On  the 
return  stroke,  the  valve  a  being  closed,  compres- 
sion proceeds  until  the  pressure  is  slightly  greater 
than  that  in  the  receiver  D.  The  balanced  outlet 
valve  b  then  opens,  and  air  passes  from  V  to  H 
at  practically  coustaut  pressure.     When  the  pis> 
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ton  reaches  the  end  of  its  stroke,  there  will  still  remain  the  clear- 
ance  volume  of  air  in  the  cylinder.  This  expands  during  the  early 
part  of  the  next  stroke  to  the  right,  but  as  soon  as  the  pressure  of 
this  air  falls  slightly  below  that  of  the  atmosphere,  the  valve  a  again 
opens. 


d—p^^^^ 


194.   Cycle.     An  actual  diagram  is  given, 
as  ADCB^    Fig.    61.     Slight    fluctuations   in 
pressure  occur,  on  account  of  fluttering  tlirough  « 
the   valves,   during   discharge   along   AD   and 
during  suction  along  (7B;    the  mean  discharge  fig.  «i.    Art.  iw.— Cycle 

,        e  u         1*    1  a1  i.  of  Air  Compressor. 

pressure   must   of   course    be   shghtly    greater 
than  the  receiver  pressure,  and  the  mean  suction  pressure  slightly 
less  than  atmospheric  pressure.     Eliminating  these  irregularities  and 
the  effect  of  clearance,  the  ideal  diagram  is  adch. 


195.  Form  of  Compression  Curve.  The  remarks  in  Art.  180  as  to 
the  conditions  of  isothermal  or  adiabatic  expansion  apply  equally  to  the 
compression  curve  BA,    Close  approximation  to  the  isothermal  path  is  the 

ideal  of  compressor  per- 
formance. Let  Ay  Fig.  G2, 
be  the  point  at  which 
compression  begins,  and 
let  DE  represent  the 
maximum  pressure  to  be 
attained.  Let  the  cycle 
be  completed  through  tlie 
states  F,  O,  Then  the 
work  expended,  if  com- 
pression is  isothermal,  is 
^  ACFG',  if  adiabatic,  the 
work  expended  is  ABFO. 
The  same  amount  of  air 
has  been  compressed,  and  to  the  same  pressure,  in  either  case ;  the  area 
ABC  represents,  therefore,  needlessly  expended  work.  Furthermore,  dur- 
ing transmission  to  the  point  at  which  tlie  air  is  to  be  applied,  in  the 
great  majority  of  cases,  the  air  will  have  been  cooled  down  practically 
to  the  temperature  of  the  atmosphere ;  so  that  even  if  compressed  adia- 
batically,  with  rise  of  temperature,  to  B,  it  will  nevertheless  be  at  the 
state  C  when  ready  for  expansion  in  the  consumer's  engine.     If  it  there 


Fia.  G2.    Arts.  195, 1S7,  213,  218.— Forms  of  Compression 

Curve. 
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again  ejpand  adiabatically  {along  CH)  instead  of  iBOthermally  (aloag 
C'.l),  a  definite  amount  of  available  power  will  have  been  lost,  repra- 
aented  by  the  area  CUA.  During  compression,  we  aim  to  have  the  work 
area  small ^  during  expansion  the  object  is  that  it  be  large;  the  adiabatio 
path  prevents  the  attainment  of  either  of  these  ideals. 

The  loss  of  power  by  adiabatic  compreaaion  is  so  great  that  various 
methods  are  employed  to  produce  an  approximately  isothermal  path. 
a  general  rule,  the  path  is  consequently  intermediate  between  the  i 
thermal  and  the  adiabatic,  a  poly  tropic,  ^•"  =  C  The  relations  derived  1 
in  Arts.  183  and  185  for  adiabatic  expuusion  apply  equally  to  this  patliK 
excepting  that  for  y  we  must  write  n,  the  value  of  n  being  somewhen 
between  1.0  and  1,-102.  The  effect  of  water  iu  the  cylinder,  whetlier  in- 
troduced as  vapor  with  the  air,  or  purposely  injected,  ia  to  somewhat 
reduce  the  value  of  n,  to  increase  the  interchange  of  heat  with  the  walls, 
aud  to  cause  the  line  FO,  Fig,  62,  to  be  straight  and  vertical,  rather  thai 
all  adiabatic  expansion,  thus  slightly  increasing  the  capacity  of  the  com 
pressor,  as  shon-n  in  Art.  222. 

196.  Temperature  Rite.    The  rise  of  temperature  due  to  compression  may  bi 

computed  aa  in  Art.  la5.  Under  ordinary  conditionB,  the  air  leaves  the  com 
presBor  at  a.  temperature  higher  than  tliat  of  boihng  water.  Without  c[Mliii| 
de\'ices,  it  may  leavu  at  sucli  a  temperature  as  to  make  the  pipeit  red  hot.  It  is 
eusy  to  compute  the  (ui>t  very  extreme)  conditions  under  which  the  rise  in  teRb 
perature  would  be  sufficieut  to  melt  the  cast-iron  compressor  cylinder. 

197.  Computation  of  Lou.  The  uselessly  expended  work  during  adiiibatia 
(and  similarly,  duriug  any  other  than  isothermal)  compression  may  be  directly 
computed  from  the  difference  of  tlie  work  areas  ''Alii  and  CBAKl,  Kig.  Ol 
The  work  under  the  isothermal  is  {p,  u,  referring  to  the  point  C,  and  P,  V,  H 
the  point  A).pv  log,  {V  +  v)  =  pi-  iog.(p  -^  P);  while  if  Q  is  the  volume  at  4 
the  work  under  ABC  is 

,  PQ-PV. 
3-1     • 


PiQ-i')+^ 


hut  j,QK  ^  pp  and  Q  =  vl-j  ; 

so  that  the  percentage  of  loas  corresponding  to  any  ratio  of  initial  and  final  p 
Bures  and  any  terminal  (or  initial)  volume  may  be  at  once  computed. 

198,  Basis  of  Methods  for  Improvement.  Any  value  of  n  exceeding  1.0  let 
the  |>alh  of  cumpres^iou  ia  due  to  the  generation  of  heat  as  the  pressure  rise*^ 
faster  tliau  the  waits  of  the  cylinder  can  transmit  it  to  tlie  atmosphere.  The  higft 
temperatures  thus  produced  introduce  serious  difflcultie^  in  lubrication.  Economil 
cal  compression  ia  a  matter  of  air  cooling;  while,  ou  the  consumer's  part,  e 
depends  upon  air  heating. 


COMPRESSION  CURVE 
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Fig.  (>3. 


Art.  200. — Card  from  Ck)lladon 
Compressor. 


199.  Air  Cooling.  In  certain  applications,  where  a  strong  draft  is  available, 
the  moyement  of  the  atmosphere  may  be  utilized  to  cool  the  compressor  cylinder 
walls  and  thus  to  chill  the  working  air  during  compression.  While  this  method 
of  cooling  is  quite  inadequate,  it  has  the  advantage  of  simplicity  and  is  largely 
employed  on  the  air  '^  pumps  "  which  operate  the  brakes  of  railway  trains. 

200.  Injection  of  Water.  This  was  the  method  of  cooling  originally  em- 
ployed at  Mont  Cenis  by  Colladon.  Figure  63  shows  the  actual  indicator  card 
(Art.  484)  from  one  of  the  older  Colladon  p 
compressors.  EBCD  is  the  corresponding 
ideal  card  with  isothermal  compression. 
The  cooling  by  stream  injection  was  evi- 
dently not  very  effective.  Figure  64  rep- 
resents another  diagram  from  a  compressor 
in  which  this  method  of  cooling  was  eia- 
ployed;  aA  representing  the  isothermal  ani 
€u:  the  adiabatic.  The  exponent  of  the 
actual  curve  ad  was  1.86;  the  gain  over 
adiabatic  compression  was  very  slight.  By 
j>  introducing  thi 

water  in  a  very 

fine  spi*ay,  a  somewhat  lower  value  of  the  exponent 
was  obtained  in  the  compressors  used  by  Colladon  on 
the  St.  Gothard  tunnel.  Cause  and  Post  (6)  have  re- 
duced the  value  of  n  to  1.26  by  an  atomized  spray. 
Figure  65  shows  one  of  their  diagrams,  ah  oeing  the 
isothermal  and  ac  the  adiabatic.  In  all  cases, 
spray  injection  is  better  than  solid  stream  in- 
jection. The  value  n  =  1.36,  above  given, 
was  obtained  when  a  solid  jet  of  half -inch 
diameter  was  used.  It  is  estimated  that  errors 
of  the  indicator  may  introduce  an  uncer- 
tainty amounting  to  0.02  in  the  value  of  n.  Piston  leakage  would  cause  an 
apparently  low  value.  The  comparative  p 
efficiency  of  spray  injection  is  shown  from 
the  fairly  uniform  temperature  of  dis- 
charged air,  which  can  be  maintained  even 
with  a  varying  speed  of  the  compressor. 
In  the  Grause  and  Post  experiments,  with 
inlet  air  at  81  J°  F.,  the  temperature  of  dis- 
charge was  9.5°  F.  Spray  injection  has  the 
objection  that  it  fills  the  air  with  vapor,  and 
it  has  been  found  that  the  orifices  must  be 
so  small  that  they  soon  clog  and  become 
inoperative.  The  use  of  either  a  .spray  or 
a  solid  jet  causes  cutting  of  the  cylinder  and  pLston  by  the  gritty  substances  carried 
in  the  water.    In  American  practice  the  injection  of  water  has  been  abandoned. 


Fio.  64. 


Art.  200. — Cooling  by  Jet 
Injection. 


Fig.  G5.    Art.  200.— Cooling  by  Atomized 

Spray. 
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201.  Water  Jackets.  These  reduce  the  vahie  of  n  to  a  very  slight  ex- 
tent only,  but  are  generally  employed  becanae  of  their  favorable  inflnetice 
on  cylinder  lubrication.  Gauae  and 
Post  found  that  with  inlet  air  ab 
81°  F.,  and  jackets  on  the  barrels  of 
the  cylinders  only  (not  on  the  heads), 
the  temperature  of  the  discharged  air 
was  320°  F.  CooHiig  occurred  dur- 
iiirj  ejji'dsion-  rather  titait  during  com- 
presttun.  The  cooling  effect  dependa 
largely  upon  the  heat  transmissire 
power  of  the  cylinder  walls,  and  tha 
value  of  n  consequently  increases  at 
high  speeds.  Two  specimen  cards 
jtbei'mal  and  ac  the  adiabatic.     With 


Fio.  G6.    Art.  201.- 


—  Coolliig  by  Jackota. 

are  given  in  Fig.  66;  ab  being  the 
more  thorough  cooling,  jackeleil 
heads,  etc.,  a  lower  value  of  ii 
may  be  obtained ;  but  this  value 
is  seldom  or  never  below  l,-"i. 
Figure  67  shows  a  card  givin 
by  Unwin  from  a  Cockerill  com- 
pressor, i>6' indicating  the  ideal 
isothermal  curve.  At  tin- 
higher  pressures,  air  is  appur- 
ently  more  readily  cooled;  ils 
own  heat-conducting  power  is 
increased. 

202.    Heat    Abstracted.       In 

Fig.  G8,  let  AB  and  AC  be  the 
adiabatic  and  the  actual  paths, 
An  and  ON  sdiabatics ;  the  heat  to 


abstracted  is  then  equivalent  to 
NCAti  =  lACL  +  nAIE  -  NOLE. 
pr ^,r^_  PV 


IACL  = 


-1 


nAIE  =  - 


-1' 


2,-1 


■Iractud  bjr  CooUuc  Ajfet 


the  heat  to  be  abstracted  per 
volume  VaX  pressure  P,  compressed  to 
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p,  expressed  in  foot-pounds.  For  isothermal  compression,  as  along 
AD,  IACL=pv  log.  (F-*-  v),  and  the  total  heat  to  be  abstracted  is  measured 
by  this  area.  If  the  path  is  adiabatic,  AB,  n  =  y,  and  the  expression  for 
heat  abstraction  becomes  zero.* 

203.    Eliminatioii  of  v.     It  is  convenient  to  express  the  total  area  NCAn  in 
tfernis  of  p,  Py  and  V  only.     The  area 

n-1         »»-l(/"-'n      n-\\I'V        '     n-\\-\P}  *         J 

H-X      i,-\\pl 


■^"~^-":^,[(r'-'l-/^-,^©' 


CH 


204.  Water  Required.  Let  the  heat  to  be  abstracted,  as  above  com- 
l>iited,  be  //,  in  heat  units.  Then  if  *y  and  s  are  the  final  and  initial 
temperatures  of  cooling  water,  and  C  the  weight  of  water  circulated,  we 
have  C=  H-^i^S  —  s),  the  8i)ecilic  heat  of  water  being  taken  as  1.0.  In 
practice,  the  range  of  temperature  of  the  cooling  water  may  be  from  40° 
to  70°  F. 

205.  Multi-stage  Compression.  The  effective  method  of  securing  a 
low  value  of  n  is  by  multi'Stage  operation^  tlie  principle  of  which  is 
illustrated  in  Fig.  69.  Let  A  be  the 
state  at  the  beginning  of  compres- 
sion, and  let  it  be  assumed  that  the 
path  is  practically  adiabatic,  in  spite 
of  jacket  cooling,  as  AB.  Let  A  C 
be  an  isothermal.  In  multi-stage 
compression,  the  air  follows  the  path 
AB  up  to  a  moderate  pressure,  as  at 
2>,  and  is  then  discharged  and  cooled 
at  constant  pressure  in  an  external 
ve9seL  until  it*  temperature  is  as 
nearly  as  possible  that  at  whicli  it  was  admitted  to  the  cylinder. 
The  path  representing  this  cooling  is  DJS.     The  air  now  passes  to 

♦  More  simply,  as  sujjirested  by  Chovalier,  the  specific  heat  along  AC  ia  8=.  I  ^Si^ 
(Art.  112);  the  heat  to  be  abstnicted  is  then,  per  lb.  of  air  w  —  1 

Both  working  air  and  cushion  air  must  be  cooled. 


F.u.   <Jl>.      Art.   *JiW.  —  Multi-stage  Com- 
pression. 
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a  second  cylinder,  is  adiabatically  conipreaBcd  along  EFy  ejected  and 
cooled  along  FG,  and  finally  compressed  i»  etill  another  cylinder 
along  GH.  The  diagram  illus- 
trates compression  in  three 
"stages";  but  two  or  four  stages 
are  sometimes  uaed.  The  work 
saved  over  that  of  single  stage 
adiabatic  compression  is  shown 
by  the  irregular  shaded  area 
ffGFEDB,  equivalent  to  a  re- 
duction in  the  value  of  n,  under 
good  conditions,  from  1.402  to 
about  1.25,  Figure  70  shows  the  diagram  from  a  two-stage  2000  bp. 
compressor,  iu  which  solid  water  jets  wt^re  used  in  the  cylinders. 
The  cooling  water  was  at  a  h>wer 
temperature  than  the  inlet  air, 
causing  the  point  Ji  to  fall  inside 
the  isothermal  curve  Afi,  The 
compression  eurvea  in  each  cyl- 
inder give  K  =  l,36.  Ftgui-e  71 
is  the  diagram  for  a  two-stage 
Riedlev  compressor  with  spray  in- 
jection, AB  being  an  isothermal 
and  AC uu  adiabatic. 

206.  lotercoolinE'  Same  work  is  alwiiys  wasted  on  account  of  the  friction  of 
the  air  passing  thrniigh  llie  inlercuolin);  device.  In  early  compressors,  this  loaa 
often  more  thuii  ouLwelglied  the  gain  due  to  compounding.  The  urea  ghij,  Fig. 
TO,  iudicaten  the  work  wasted  from  Ihis  cause.  In  this  particular  instance,  tha 
loHS  IB  exceptionally  Binall.  Besides  this,  tlie  additioniil  air  friction  through  two 
or  more  sets  of  valves  and  porta,  and  the  extra  mechanical  friction  due  to  n  multi- 
plicalinn  of  cylinders  anil  rr-ciprocatiug  parts  niniit  be  considered.  Halti-Bta|;a 
compression  does  not  pay  unless  the  intercooling  is  tboroughly  efiective.  It  seldom 
pays  when  the  pressure  attained  is  low.  Incidental  advantages  in  multi-stage 
operation  arise  from  rednced  mechanical  Btreeses  (Art.  463),  higher  volumetric 
efficiency  (Art.  228),  better  lubrication,  aud  the  removal  of  luoiature  by  precipita- 
tion during  the  intercooling. 


207.    Types  of  latercoolers.     The  "  external  vesael "  of  Art.  205  is  oiled  ths 
Inteicooler.    It  coiisiste  usually  of  a  riveted  or  cast-iron  cylindiical  shell,  frith  0BBt> 


INTERCOOLING 


mm  heads.    Insiile  are  ntraight  tuben  of  brass  or  wrought  iron,  runniDg  between 
steel  tube  dieets.     The  back  lube  sheet  is  otl«n  sttaehed  la  a  stiff  CMt-iron  iDter- 


nal  head,  so  that  the  tubes,  sheet,  and  head 
•re  (ree  to  move  as  the  tulies  eipaud 
(Fig.  72).  The  air  entering  the  shell  sur- 
TDUiids  the  tul>es  and  is  compelled  by  baffleH 
tucmss  the  tube  space  on  its  way  to  the  oiit- 
lel  Any  moisture  precipitated  is  drajjied 
uR  at  the  pipe  a.  The  nater  ia  guided  to 
the  tubes  by  internally  projeeting  riha  on 
the  heads,  which  cause  it  to  circulate  froiu 
end  to  end  of  the  intercooler,  Meveral  tii 
If  of  ample  rolame,  as  it  should  be.  Ihe 
intercooler  serres  as  a  receiver  or  storage 
tank.  The  oJie  illustrated  is  mounted  in 
a  horizontal  position.  A  vertical  type  is 
Bhown  in  Fig.  73.  The  funnel  provi.les  a. 
tnrtliudof  ascertaining  at  all  tinjes  nh'^ther 
water  in  flowing. 


208.    AftMCMlen.      In 

during   plants,   the 


e  of  n 


n  the  a' 


pres. 
iaob- 


i<«l>anable,  on  account  of  the 
difficulty  of  lubrication  of  air 
touU.  and  because  of  the  rapid  de- 
HlnictioD  of  the  rubber  hose  used 
fur  couiiectdng  these  tools  with 
Ibp  pipe  line.  To  remove  the 
nioiialiir«  (and  some  of  the  oil) 
tnt  after  the  last  stage  of  coiu- 


^^wwent 
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pression,  and  by  cooling  the  air  to  decrease  the  necessary  size  of  transmitting  pipe, 
aftercoolers  are  employed.  They  are  similar  in  design  and  appearance  to  inter- 
coolers.  The  cooling  of  the  air  decreases  its  capacity  for  holding  water  vapor, 
and  the  latter  is  accordingly  precipitated  where  it  may  be  removed  before  the  air 
has  reached  its  point  of  utilization.  An  incidental  advantage  arising  from  the 
use  of  an  aftercooler  is  the  decreased  expansive  stress  on  the  pipe  line  following 
the  introduction  of  air  at  a  more  nearly  normal  temperature. 

209.  Power  Consamed.    From   Art.  98,  the  work  under  any  curve 

p'if=PV'*is,  adopting  the  notation  of  Art.  202,  J^"~~   — ^ 

n  — 1 


fi-i 


PV\^    pv 
pv  J     n  —  1 


1- 


The  work  along  an  adiabatic  is  expressed  by  the  last  formula  if  we  make 
n=y  =  1.402.  The  work  of  expelling  the  air  from  the  cylinder  after  com- 
pression is  pv.     The  work  of  drawing  the  air  into  the  cylinder,  neglecting 


n-l 


clearance,  is  PV=pv(  —  \     •     The  net  work  expended  in  the  cycle  is  the 
algebraic  sum  of  these  three  quantities,  which  we  may  write, 


n-l 


»-i 


n-l 


pv 


n-l 


J  \pj  n-l 


It  is  usually  more  convenient  to  eliminate  v,  the  volume  after  compres- 
sion.    This  gives  the  work  expression, 


n-l 


PVn 
n-l 


P 
P 


^        -1 


If  pressures  are  in  pounds  per  square  inch,  the  foot-pounds  of  work  per 
minute  will  be  obtained  by  multiplying  this  expression  by  the  number  of 
working  strokes  per  minute  and  by  144 ;  and  the  theoretical  horse  power 
necessary  for  compression  may  be  found  by  dividing  this  product  by 
33,000.  If  we  make  V=l,  P=14.7,  wo  obtain  the  power  necessary  to 
compress  one  cubic  foot  of  fn^e  air.  If  the  air  is  to  be  used  to  drive  a 
motor,  it  will  then  in  most  cases  have  cooled  to  its  initial  temperature 
(Art.  195),  so  that  its  volume  after  compression  and  cooling  will  be 
J'V-^2^'  '^^^  work  expended  per  cubic  foot  of  this  compressed  and 
cooled  air  is  then  obtained  by  multiplying  the  work  per  cubic  foot  of  free 

air  by  i-  • 
J  p 

210.  Work  of  Compression.  In  some  text-books,  the  work  area  under  the 
compression  curve  is  spocifically  referred  to  as  the  work  of  compression.  This  is 
not  the  total  work  area  of  the  cvole. 
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211.  Range  of  Stages  in  Multi-stage  Compression.  Let  the  lowest  pres- 
sure be  g,  the  highest  p,  and  the  pressure  during  intercooliug  P.  Also  let 
intercooling  be  complete,  so  that  the  air  is  reduced  to  its  initial  tempera- 
tore,  so  that  the  volume   V  after  intercooling  is  ^,  in  which  r  is  the 

volume  at  the  beginning  of  compression  in  the  first  cylinder.     Adopting 

^ -j 

the  second  of  the  work  expressions  just  found,  and  writing  z  for 

have 


we 


n 


Work  in  first  stage  =  5L  .  [  _  ]  _  i  I 

2  \V1J         J 


Work  in  second  stage  = 


PVi 


1 


P 
Pi 


)=?{©■-•} 


1    = 


Total  work  t=  ^ 

z 


+ M^ 


n 


.=  W. 


Differentiating  with  respect  to  P,  we  obtain 


dW^qr 
dP       z\^\q 


„PV-V7 


n /p\.-i 

=  qr.  -(- 


-^©■"'1 


^qr 


(  P' 


-1 


PL 


•  

For  a  mmimum  value  of  W,  the  result  desired  in  proportioning  the  pres- 
sure ranges,  this  expression  is  put  equal  to  zero,  giving 

T     T 

P^^pq,  or  P  =  Vpqy  or  j  =  y' 

An  extension  of  the  analysis  serves  to  estabhsh  a  division  of  pressures 
for  four-stage  machines.  From  the  pressure  ranges  given,  it  may  easily 
be  shown  that  in  the  ideal  cycle  the  condition  of  minimum  work  is  that 
tiie  amounts  of  work  done  in  each  of  the  cylinders  be  equal.  The  number 
of  stages  increases  as  the  range  of  pressures  increases;  in  ordinary  prac- 
tice, the  two-stage  compressor  is  employed,  with  final  pressures  of  about 
100  lb.  per  square  inch  above  the  pressure  of  the  atmosphere.  In  low- 
pressure  blowing engines,the  loss  due  to  a  high  exponent  for  the  compres- 
sion curve  is  relatively  less  and  these  machines  arc  frequently  single  stage. 
For  three-stage  machines,  working  between  the  pressures  pi  (low) 
and  p2  (high);  with  receiver  pressures  of  Pi  (low)  and  P2  (high),  the 

conditions  of  minimum  work  are  P2  =  v^PiP2^  and  -Pi=v^p2pi^, 
the  amounts  of  work  done  in  the  three  cylinders  will  be  equal,  and  the 
cylinder  volumes  will  be  inversely  as  the  suction  pressures. 
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Engine  and  Compressoh  Relations 

212.  Losses  in  Compressed  Air  Systems.    Stiirting  wilh  mechanical  powor 
delivered  to  the  compressor,  we  Lave  the  following  loBBes: 
(«)   friction    of  the  compressor  inecliaiiiam,   affecting  the  mechanical 

effieieiicy ; 
(6)  thermodynamic  loss,  chiefly  from  failure  to  realize  isothermal  com- 
pression, but  also  from  friction  and  luakage  of  air,  clearance,  etc., 
indicated  by  the  ci/Umler  efficiency/; 

(c)  transmissive  losses  in  pipe  liues; 

(d)  thermodynamic  losses  at  the  consumer's  engine,  like  those  of  (b); 

(e)  friction  losses  at  the  consumer's  engine,  like  those  of  (u). 

213.  Compreuive  Efficiency.  ^Vhile  not  an  efficiency  in  the  true  sense  of  the 
(«rrn,  tlie  rel»tio[i  of  work  generated  during  expausioli  iii  the  engine  to  that  ex- 
pended during  corn  press  ion  in  the  comprcMor  in  soinethuea  ealleil  the  comproasiTe 
efSciency.  It  is  the  r[uotieiit  of  the  areas  FCIIG  and  FBA  G,  Fig.  03.  From  tlia 
expression  in  Art.  30H  for  work  under  a  polytropic  plus  work  of  dischai^  along 
BF  or  of  admission  along  FC,  we  note  tliut,  the  values  of  P  and  p  being  identical 
for  the  two  paths,  AB  iind  ClI,  in  iiuestion,  the  total  work  under  either  of  these 
paths  is  a  direct  function  of  the  volume  V  at  the  lower  pressure  /'.  In  this  case, 
providing  the  value  of  n  be  the  same  for  Ixith  paths,  the  two  work  areas  have  the 
ratio  r  4- 1,  where  F  is  the  volume  al  A,  and  r  that  at  //.  It  follows  that  all  tlis 
ratios  of  volumes  LIf  -$-  LM,  OQ  -t-  OP,  etc.,  are  equal,  and  equal  to  the  ratio  oC 
areas.    The  compressive  efficiency,  then,  =  ■^=  7"  -i-  (,  where  t  is  the  temperature 

at  A  (or  that  at  t'),  and  T  that  at  IT.  For  isothermal  paths,  r  =  (,  and  the  com- 
preasive  elEciency  is  unity.  '  In  various  testa,  the  compressive  efficiency  has  ranged 
from  0.4SS  to  0.898.   Itdepends.of  uoursc,on  the  value  of »,  incrcasinK  as  n  decreases. 

214.  Hechanlcal  Efficiency.  For  the  compressor,  this  is  the  quotient  of  work 
expended  in  the  cylinder  by  work  consumed  at  the  fly  wheel;  for  the  engine,  it 
is  the  quotient  of  work  delivered  at  the  fiy  wheel  by  work  done  in  the  cylinder. 

Frlctiou  losses  in  the  mechanism  measure  the  mechanical  inefficiency  of  tho 
compressor  or  engine.  With  no  friction,  all  of  the  power  delivered  would  be  ex- 
pended ill  compression,  and  all  of  the  elastic  force  of  the  air  would  be  avulable 
for  doing  work,  and  the  mechanical  efficiency  would  l>e  1.0.  In  practice,  sinoa 
oompresflors  are  nsuaKy  directly  driven  from  steam  engines,  with  piston  rods  in' 
common,  it  is  imposuble  to  distinguish  between  the  mechanical  efficiency  of  the 
compressor  and  that  of  the  steam  engine.  The  enmhined  efficiency,  in  one  of  the 
best  recorded  tests,  is  given  as  0.92.  For  the  conipreasor  whose  card  is  shown  in 
Fig.  Tl,  the  combined  efficiency  was  0,87.  Kennedy  reports  an  average  figure  of 
0.845  (7).  Unwin  states  that  the  usual  value  is  from  0.S5  to  0.87  (8).  Theaa 
efficiencies  are  of  course  determined  by  comparing  the  areas  of  the  steam  and  air 
indicator  cards. 

215.  Cylinder  EfBciency.  The  true  efficiency,  tliermodynamically  speaking 
is  indicated  by  the  ratio  of  areas  of  the  actual  and  ideal  FV  diagrams.     For  the 
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omnpressor,  the  cylinder  efficiency  is  the  ratio  of  the  work  done  in  the  ideal  cycUf 
tnlhout  clearance,  drawing  in  air  at  atmospheric  pre  suref  compressing  it  isothermally 
and  discharging  it  at  the  cor^stant  receiver  pressure y  to  the  work  done  in  the  actual  cycle 
of  the  same  maximum  volume.     It  measures  item  (6)  (Art.  212).    It  ia  not  the  "com- 
pressive efficiency  "  of  Art.  213.     For  the  engine,  it  is  the  rcUio  of  the  work  done  in 
the  actual  cycle  to  the  work  of  an  ideal  cycle  withoui  clearance^  with  isothermid  expan^ 
sion  to  the  same  maximum  volume  from  the  same  initial  volume,  and  with  constant  pressures 
during  reception  and  discharge ;  the  former  being  that  of  the  pipe  line  and  the  latter  that 
of  the  atmosphere.    Its  value  may  range  from  0.70  to  0.90  in  good  machines,  in  gen- 
eral increasing  as  the  value  of  n  decreases.     An  additional  influence  is  fluid  fric- 
tion, causing,  in  the  compressor,  a  fall  of  pressure  through  the  suction  stroke  and 
a  rise  of  pressure  during  the  expulsion  stroke  ;  a:d  in  the  engine,  a  fall  of  pressure 
during  admission  and  excessive  back  pressure  during  exhaust.     All  of  these  condi- 
tions alter  the  area  of  the  PV  cycle.     In  well-designed  machines,  these  losses 
should  be  small.     A  large  capacity  loss  in  the  cylinder  is  still  to  be  considered. 

216.  Diacussion  of  £fS,ciencie8.  Considering  the  various  items  of  loss  sug- 
gested in  Art.  212,  we  find  as  average  values  under  good  conditions, 

(a)  mechanical  efficiency,  0.85  to  0.90;  say  0.85; 

(6)  cylinder  efficiency  of  compressor,  0.70  to  0.90;  say  0.80; 

(<?)  transmission  losses,  as  yet  undetermined ; 

((f)  cylinder  efficiency  of  air  engine,  0.70  to  90.0;  say  0.70; 

(«)  mechanical  efficiency  of  engine,  0.80  to  0.90;  say  0.80. 

The  combined  efficiency  from  steam  cylinder  to  work  performed  at  the  con- 
sumer's engine,  assuming  no  loss  by  transmission,  would  then  be,  as  an  average, 

0.85  X  0.80  X  0.70  x  0.80  =  0.3808. 

For  the  Paris  transmission  system,  Kennedy  found  the  over-all  efficiency  (includ- 
ing pipe  line  losses,  4  per  cent)  to  l)e  0.26  with  cold  air  or  0.384  with  preheated 
air,  allowing  for  the  fuel  consumption  in  the  preheaters  (9). 

217.  IfflTrim^m  Efficiency*  In  the  processes  described,  the  ideal  efficiency  in 
each  case  is  unity.  We  are  here  dealing  not  with  thermodynamic  transformations 
between  heat  and  mechanical  energy,  but  only  with  transformations  from  one  form 
of  mechanical  energy  to  another,  in  part  influenced  by  heat  agencies.  No  strictly 
thermodynamic  transformation  can  have  an  efficiency  of  unity,  on  account  of  the 
limitation  of  the  second  law. 

218.  Entropy  Diagram.  Figure  62  may  serve  to  represent  the  com- 
bined ideal  -PF diagrams  of  the  compressor  {GABF)  and  engine  (FCIIG). 

The  quotient is  the  compressive  efficiency.     The  area  representing 

net  expenditure  of  work,  that  is,  waste,  is  CBAH,  bounded  ideally  by  V«^ 
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adiabatics  or  in  practice  by  two  polytropics  (not  ordinarily  isodiabatics) 

and  two  paths  of  constant  pressure.     This  area  is  now  to  be  illustrated 

on  the  TN  coordinates. 

For  convenience,  we  reproduce  the  essential  features  of  Fig.  62 

in  Fig.  74.     In  Fig.  75,  lay  off  the  isothermal   y,  and  choose  the 

point  A  at  random.  Now 
if  either  T^  or  Tjf  be 
given,  we  may  complete 
the  diagram.  Assume 
that  the  former  is  given  ; 
then  plot  the  correspond- 
ing isothermal  in  Fig.  75. 
Draw  AB^  an  adiabatic, 
BO  and  AH  as  lines 
of    constant     pressure 

.  218. —Engine  and  Compressor  Diagrams,    f  W  =  A;  log<,  --  j,   the    point 

C  falling  on  the  isothermal  T.     Then  draw  Cff,  an  adiabatic,  de 

T       T 

termining  the  point  H\  or,  from  Art.  213,  noting  that  — ^  =  — ^,  we 

may  find  the  point  JST  di-  t 

rectly.  If  the  paths  AB 
and  CH  are  not  adia- 
batics, we  may  compute 
the  value  of  the  specific 
heat  from  that  of  n  and 
plot  these  paths  on  Fig. 
75  as  logarithmic  curves  ; 
but  if  the  values  of  n  are 
different  for  the  two 
paths,  it  no  longer  holds 

that  ~  =  —r^'     The  area 


Fig.  74.    Art 


Tn     T 


Fig.  75.    Arts.  *218,  U19,  221.— Compressed  Air  System, 

Entropy  Diagram. 


CBAH  in  Fig.  75   now   represents   the   net   work   expenditure   in 
heat  units. 

219.  Comments.  As  the  exponents  of  the  paths  AB  and  CH  decrease, 
these  paths  swerve  into  new  positions,  as  AE,  CD,  decreasing  the  area 
representing  work  expenditure.  Finally,  with  n  =  1,  isothermal  paths, 
the  area  of  the  diagram  becomes  zero;  a  straight  line,  CA,    Theoretically, 
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with  water  colder  than  the  air,  it  might  be  possible  to  reduce  the  tempera- 
Utre  of  the  air  during  compression,  giving  sucli  a  cycle  as  AICDA,  or  even, 
with  isothermal  expansion  in  the  engine,  ^/CLl ;  in  cither  case,  the  net 
work  expenditure  might  be  nega- 
tive; the  cooling  water  accomplish- 
ing the  result  desired. 

220.  Actual  Conditions.  Under 
the  more  usual  condition  that  the 
temperature  of  the  air  at  admission 
to  the  engine  is  somewhat  higher 
than  that  at  which  it  is  received  by 
the  compressor,  we  obtain  Figs. 
76,  77.  T,  Tc  and  either  T^  or  Tn 
must  now  be  gfiven.  The  cycle  in 
which  the  temperature  is  reduced 

during    compression    now    appears     Fig.  76.      Art.  220. -Usual  Combination  of 
as  AICDA  or  AUA,  Diagrams, 

T  B 


Fig.  77,    Art.  2110.  — Combined  Entropy  Diagrams. 

221.   Multi-stage  Operation.     Let  the  ideal  pv  path  l>e  DEC  HA,  Fi^.  78. 
The  "  triangle " -^BC  of  Fig.  75  is  then  rej.laeed  by  the  area  DECBA, 

Fig.  79,  bounded  by  lines  of  constant  pressurt*  and  adiabatics.     The  area 

p 

F 


■H 


Fig.  78.    Art.  221 . — Three-stage  Com- 
preasioii  mud  Expansion. 


Fig.  70.    Art .  221 .  —  Entro\»y  I>\?L^a.iv\ , 
Multi-stage  Compre^isVm. 


126 


APPLIED  THERMODYNAMICS 


saved  is  BFEC,  which  approaches  zero  as  the  pressure  along  CE,  P^g.  78, 
approat'hes  Uiat  along  AB  or  at  D,  and  becomes  a  maximum  at  an  inter- 
mediate position,  already  determined  in 
Art.  211,  With  inadequate  iutercooling, 
the  area  representing  work  saved  would  be 
yFEx.  Figures  80  and  81  represent  tlie 
ideal  />«  and  n(  'diagrams  respectively  for 
compressor  and  engine,  each  three-st-age, 
with  perfect  iiit«rcooling  and  aftercooling 
and  pi-eheating  and  with  no  drop  of  pres- 
sure in  transmission.  BbA  and  AhB 
would  be  the  diagrams  with  single-atago 
adiabatic  conipression  and  expansion. 


Cri.MI'KESSt.)K    (.'AI'ACITY 

222.  Bflect  of  Clearaace  oa  Capacity.  Ut  .1  BCD,  Fig.  57,  he  the  ideal  pv  dia- 
gram of  a  compressor  without  clearance.  If  there  is  clearance,  the  diagraDi  will 
K'  hBCE;  the  air  left  in  the  cylinder  at '[  will  expand,  nearly  adlabatically,  along 
II  rc.  Ml  that  its  Tolume  at  the  intake  pr<;!v<ure  will  be  somewhat  like  DE.  The 
total  volume  of  fresh  air  taken  into  the  cylinder  cannot  he  DC  aa  if  there  were  no 
clearance,  but  ia  only  EC.  The  ratio  EC  (Vc-Va)  Is  called  the  volumetric 
efficiency-     It  is  the  ralui  of  free  air  drawn  in  Iv  pinion  dviplacfmenl. 

223.  Volumetric  Efficiency.  This  term  is  fiometinies  incorrectly  applied  to  tha 
fai'kir  1  -  c,  in  wliioh  c  is  the  clearnnee,  eipreased  as  a  fraction  of  the  cylinder 
vdtiiNii'.  TbiH  \»  iltii^iral,  because  this  fraction  meaaurca  the  ratio  of  clearance  air 
at  final  pressure,  to  inlet  air  at  atmospheric  pteMute  (Aa  -t-  DC,  Fig.  6T) ;  while 
th>'  rt-'luetioti  of  compressor  capacity  is  determined  by  the  volume  of  clearance  air 

re,     1/  Ihr  clearance  is  3  per  cent,  the  volumttric  ejfieiencj  t( 


uch  lets  rhn, 


:  pn 


.  Friction  and  ComprBssor  Capacity.     If  the  intake  ports  or  pipes  are  aniall> 
ikIvc  suction  will  lie  neceaaary  to  draw  in  the  charge,  and  the  oyltnder  wiU 
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he  filled  with   air  st  lew  than  atnioapheric  preasaie.     lU  equivalent  Tolume  at 

atmospheric  pressure  wilt  then  be  lesa  liiaii  that  of  the  cjliiider.     This  ia  shown 

ia^  Fig.   fri.     The    line   of  almosplieriK  pressure   is   DF,   the    capacity   is 

redacted  by  FG,  and  the  volumetric  efficiency  is  DF -r-  HG.     The  capacity 

may  be  seriously  affected  from  this  cau^te,  in  Ilie  case  of  a  badly  designed 

225.   Volnmettic  Efficiency ;  Other  Factoia.    Where  jackets  or  water  jets 
are  uBed,  the  air  is   often 
somewhat    heated    dnriug 
the  intake  stroke,  increas- 
ing its  volume,  and  thus, 
t\                                                             \^  Bs  in  Art.  224,  lowering 
\/^^.,j — ^                                                 ^s,|        the   volumetric    efficiency. 
The  effect  is  more  notice- 
^     able  with  jacket   cooling, 
Fw.82.    AM.  33i.-Efrect  of  Sucttcn  Friction.  ""*•>    "•'i"''    ^he   cylinder 
walls    often    remain    tou- 
tly  at  a  temperature  atiove  that  of  boiling  water-      Tests  have  shown  a  toss 
oi  capacity  of  •">  per  cent,  ciue  to  changing  from  spray  injectiuu  to  jacketing.  —  A 
high  altitude  for  the  compressor  results  in  its  lieing  supplied  with  rarefied  air,  and 
Uiis  decreases  the  volumetric  etficieocy  as  teased  on  air  under  standard  pressure. 
^^  At"an  elevation  of  10,000  ft.  the  capacity  falls  off  30  per  cent.     (See  table,  Art.  52(i.) 
^^^^ntia  is  sometimes  a  matter  of  iniitortance  in  mining  applications  also. — ^Volumetric 
^^Hlfficieocy,  in  good  desiRuSi  is  principally  a  matter  of  low  clearance.    The  clearance 
^Hnf  a  cylinder  is  practically  constant,  regardless  of  its  length;   so  that  its  percentage 
Is  leffl  in  the  case  of  the  longer  stroke  compresBore.     Such  compresBOTB  are  com- 
paratively expensive. — When  water  is  injected  into  the  cylinder,  as  is  often  the  case 
in  European  practice,  the  clearance  space  may  be  practically  filled  with  water  at 
the  end  of  the  discharge  stroke.     Water  doe?  not  appreciably  expand  as  the  pressure 
is  lowered;    so  that  in  these  cases  the  volumetric  efficiency  may  be  determined 
by  the  expression  1  — r  of  Art.  233,  being  much  greater  than  in  cases  where  water 
injection  ia  not  practiced. 

226.  Volumetric  Efficiency  in  Multi-stage  CompreBsion.  Since  the 
effect  of  multi-stage  comprcsaion  'm  to  rfiluce  the.  pressure  range,  the 
expansion  of  the  air  cuu^lit  in  the  clfaranco  space  is  icsa,  and  the  dis- 
tance DE,  Fig.  57,  is  reduced,  Tliia  makes  the  volumetric  efficiency, 
EC-i-  (V'c~  ^"Ji  greatt'f  than  in  single-Btago  cylinders.  If  EGR  repre- 
sent the  line  of  intermediate  pressure,  the  ratio  JE-T-iV^.—  Va)  is  the 
gain  in  volumetric  efficiency. 

237.  Refrigeration  of  Entering  Air.  Many  of  the  advantages  following  multi- 
fltogf^  o|>cratiDn  and  intercooling  have  been  otherwise  successfully  reahzed  by  the 
plan  of  cooling  the  air  drawn  into  the  compressor.  This  of  course  increffiSes  the 
density  of  the  air  at  atmospheric  pressure,  and  greatly  increases  the  volumetric 
efficiency.  Incidentally,  much  of  the  moisture  is  precipitated.  At  the  Isabella 
famacc  of  the  Carnegie  Steel  Company,  at  Etna,  FeonBylvaiiia,  a  plant  of  this 
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luia  refrigerating  machine  cools  the 
3  the  specific  volume  in  the  ratio 
e  air  capacity  should   coiisequentlf 


kind  has  been  mstalled.  An  ordinary  ai 
air  from  80°  to  38°  F.  This  should  deei 
{4o'J.a  +  28)  -r-  (45Q.U  +  80)  =  0.00.  Tl.e 
be  increased  in  about  this  ratio  (10). 

Z38,  Typical  Values.  Excluding  the  effect  of  clearance,  a  loas  iu  ca- 
pacity of  from  6  to  22  per  cent  has  been  found  by  Uiiwin  (11)  to  be  due 
to  air  friction  losses  and  to-heating  of  fiJe  entering  air.  Heilemanu  (12) 
finds  volumetric  efficiencies  from  0.73  to  O.iirffi.  T-he  ^qlij metric  efficiency 
could  be  preciaehj  determined  only  by  measuring  tlie  air  drawn  in  and 
discharged. 

229.  Volumetric  and  Thermodynamic  Effici^cies.  The  volumetric  effi- 
ciency ia  a  measure  of  lliecrtpnt'iVv  only.  It  is  not  tin  efficiency  in  the  sense 
of  a  ratio  of  "effeet '' to  "cause."  In  Fig.  83  the  solid  lines  show  an  actual 
compressor  diagram,  the  dotted  lines,  EGHB,  the  corresponding  perfect 
diagram,  with  clearance  and  isothermal  compression.  In  the  actual  ease 
we  have  the  wasted  work  areas, 

IILJQ  due  to  faction  in  discharge  ports; 
C  QhD  dm.  to  non-isothermal  compression; 
DFM(    due  to  frittion  during  the  suction  of  the  air. 

At  BHC  there  is  an  area  representing,  apparently,  a.  saving  in  work 
expenditure  due  to  the  expansion  of  the  clearance  air;  this  saving  in 
work  has  been  accomplished,  however, 
with  a  decreased  capacity  in  the  pro- 
portion BC  ~i-  BE,  a  proportion  which 
is  greater  than  that  of  JillC  to  the  total 
work  area.  Further,  espansion  of  the 
,_  „  clearance  air  is  made  possible  as  a  result 

I  «^Si  °^  '^^  previous  compression  along  FDK; 

\^  "^SkwO   E   ^""^  *'^®  energy  given  up  by  expansion 

"T;^;^ ~ ?!;gmg".i^~ "" , , — Izsjp  c^n  never  quite  equal  that  expended  in 
compression.  The  effect  of  exceggiw 
friclion  during  suction,  reducing  the 
capacity  in  the  ratio  DE  ■*■  BE,  is 
usually  more  marked  on  the  capacity  than  on  the  work.  Hoth  suction 
friction  and  clearance  decrease  the  cylinder  efficiency  as  well  as  the 
volnnietiic  efficiencj  but  the  former  cannot  be  expressed  in  terms  of 
the  latter  In  fitt  a  low  volumetric  efficiency  may  decrease  the  work 
ex|jendituie  abiiolutel>  though  not  relatively.  An  instance  of  this  is  found 
in  the  case  of  a  compressor  working  at  high  altitude,  Friction  during  di»- 
charge  decroases  the  cyhndcr  efficiency  (note  the  wasted  work  &rea 
ULJQ),  but  is  practically  without  effect  on  the  capacity. 
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Compressor  Design 

230.  Capacity.  The  necessary  size  of  cylinder  is  calculated  much  as  in 
Art.  190.  Let  p,  v,  f,  be  the  pressure,  volurae,  and  temperature  of  dis- 
charged air  (t7  meaning  the  volume  of  air  handled  per  minute),  and  P,  F,  Ty 
those  of  the  inlet  air.  Then,  since  PV-i-  T  =  i)v  -i- 1,  the  volume  drawn 
into  the  compressor  per  minute  is  V  =^  pvT -i-  Pt,  provided  that  the  air  is 
dry  at  both  intake  and  delivery.  If  n  is  the  number  of  revolutions  per 
minute,  and  the  compressor  is  double-acting,  then,  neglecting  clearance, 

the  piston  displacement  per  stroke  is  F-f-  2  w  =  -J^ — . 

This  computation  of  capacity  takes  no  account  of  volumetric  losses. 
In  some  cases,  a  rough  approximation  is  made,  as  described,  and  by 
slightly  varying  the  speed  of  the  compressor  its  capacity  is  made  equal  to 
that  required.  Allowance  for  clearance  may  readily  be  made.  Let  the 
suction  pressure  be  P,  the  final  pressure  p,  the  clearance  volume  at  the 

final  pressure  —  of  the  piston  displacement.     Then,  if  expansion  in  the 

m 

clearance  space  follows  the  law  p}f  =  PF",  the  volume  of  clearance  air 

at  atmospheric  pressure  is 

im} 

of  the  piston  displacement.     For  the  displacement  above  given,  we  there- 
fore write, 

2n  'L       ^'^      \m)\P)  _ 

This   may  be  increased  5  to  10  per  cent,  to  allow  for  air  friction,  air 
heating,  etc. 

231.  Design  of  Compressor.     The  following  data  must  be  assumed : 

(a)  capacity,  or  piston  displacement, 
(6)  maximum  pressure, 

(c)  initial  pressure  and  temperature, 

(d)  temperature  of  cooling  water, 

(e)  gas  to  be  compressed,  if  other  than  air. 

Let  the  compressor  deliver  300  cu.  ft.  of  compressed  air,  measured 
at  70°  F.,  per  minute,  against  100  lb.  gauge  pressure,  drawing  its  su[)ply  at 
14.7  lb.  and  70°  F.,  the  clearance  being  2  per  cent.  Then,  ideally,  the  free 
air  per  minute  will  be  300  x  (114.7 -4-14.7)  =  2341  cu.  ft.,  or  allowing  5 
per  cent  for  losses  due  to  air  friction  and  heating  during  the  suction, 
2^1 -*- 0.95  =  2464  cu.  ft.  To  allow  for  clearance,  we  may  use  the  ex- 
pression in  Art.  230,  making  the  displacement,  with  adiabatic  expansion 
of  the  clearance  air, 
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2464-1- [1-0.02 


14.7 


■=  -I-  0.02]  =  2640  cu.  ft. 


ABBiiming  for  a  compresaor  of  this  capacity  a  speed  of  80  r,  p.  m.,  the 
necessary  piston  diapliuiemeiit  for  a  double-acting  compressor  is  then 
2640  -»-  (2  X  80)  =  16.6  cu.  ft.  per  stroke,  or  for  a  stroke  of  3  ft.,  the  piston 
area  would  be  792  sq,  in.  (13).  The  power  expended  for  any  assumed 
compressive  path  may  be  caleulatefl  aa  in  Art.  190,  and  if  the  niechauical 
efficiency  be  assumed,  the  ])Ower  neces.sary  to  drive  the  compressor  at 
once  follows.  The  assuinption  of  clearance  aa  2  per  cent  must  be  juatified 
in  the  details  of  the  design.  The  elevation  in  temperature  of  the  air  may 
be  calculated  as  in  Art.  185,  ami  the  necessary  amount  of  cooliog  water 
as  iu  Art.  203,  the  exponents  of  the  curves  being  asaumed. 

232.  Two-stage  Compressor.  From  Art.  211  we  may  establish  an  inter- 
mediate pressure  stage.  This  leads  to  a  new  correction  for  clearance,  and 
to  a  smaller  loss  of  capacity  due  to  air  heating.  Using  these  new  values, 
we  calculate  the  size  of  the  lirst-atage  cylinder.  For  the  second  stage,  the 
maximum  volume  may  be  calculated  on  the  basis  that  intercooling  ts  com- 
plete, whence  the  cylinder  volumes  are  inversely  proportional  to  the  suc- 
tion pressures.  The  clearance  correction  will  be  found  to  be  the  same  as 
in  the  low-pressure  cylinder.  The  capacity,  temperature  rise,  water  eon- 
sumption,  power  consumption,  etc.,  are  computed  as  before.  A  considera- 
ble saving  iu  power  follows  the  change  to  two  stages. 

233.  Probleta.  Find  the  cylinder  dimensioua  and  power  coneumption  of  a 
duuble-actiiig  sitigle-atage  air  compreasor  to  deliver  4000  cu.  ft  of  free  air  per 

minute  at  100  lb.  gauge  prea- 
Bure  at  80  r.  p.  m.,  the  inUke 
air  being  at  13.7  ih-  absolule 
pressure,  the  piston  B{>eed 
640  ft.  per  minute,  cle 
4  per  cent,  and  the  cle 
expansion  and  compreBsioii 
curves  following  the  law 
P  P"  =  e. 


Lay  off  the  di.ttance  GIT, 

Fig.  S4,  to  represent  the  (uii- 

know:i)  diaplanemenl  of  the    r, 

piston,  which  we  will  call  D.  / 

4   per  cent,  lay  off  GZ  =  0.04  D,  .le  term  ill  in  g  ZP  bs  h 

the  lines   TIJ,  I'lf,  I'A',  representing  tlie  alisolute  pres- 


s.                                                  "^ 

r 

6 

n 

H         ^ 

Flo.  »i. 


t,  3.11.  — Peslyn  ut  Compresaol 
Since  the  clearance 
cuftrdinate  iixis.     D 

flures  indicated.  The  compreasion  curve  CE  may  now  be  drawn  through  C,  and 
the  clearance  expansion  curve  Dl  through  D.  The  ideal  indicator  diagram  la 
CEDl.    Wb  have, 
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/>^F,>-»  =  f ,F,>w  or  Vj  =  {^y-'*  Vo  =  {j^Y'''* 0.04 D=  0.1927 2>. 
P,V^*=  PcV.}-*^  or  r,=  (^'^j  V„=  W^)  1.04 2>=  0.2158Z). 
P^ F^»-»  =  Pp F,'-»  or  Va  =  (^'')°''* I^i>  =  ( Tjy ) "'*  0-04 2>  =  0.1829 />. 

0 

Pm  T  V-^  =  iPc  rc^-»  or  r,,  =  [jA '"''  re  =  (IH)  '*'*     1 .04  /)  =  0.9872  /). 

But  ^ZJ=  Vb—  ^[4  =  0.8043  2)  is  the  volume  of  free  air  drawn  into  the  cylinder: 
AB-i-OH^O.SOi*)  is  the  volumetric  efficiency:*  to  compress  4000  cu.  ft.  of  free  air  per 
minute  the  piston  displacement  must  then  be  4000 ^ 0.8043  =  ^P7J  cu.  ft.  per  minute. 
Since  the  compressor  is  double-acting,  the  necessary  cylinder  area  is  the  quotient 
of  displacement  by  piston  speed  or  4973  -^640,  giving  7.77  sq.  ft.,  or  (neglecting 
the  loss  of  area  due  to  the  piston  rod),  the  cylinder  diameter  is  37.60  in.  From  the 
conditions  of  the  problem,  the  stroke  is  640  h-  (2  x  80)  =  4fl. 
For  the  power  consumption,  we  have 

W=  GDEF+  FECH  -  JICII  -  GDIJ^ 


0.35 


0.35 


=  144i>r(114.7x0.1758)+  0^4.7  x  0.2158) -(13.7  x  1.04) 
L  0.35 

-(13.7  X  0.8473)-  ^^^^'^  ><  0.04) -(^13.7  x  0.1927)J 

=  144  i>[20.16  +  30.01  -  11.(>1  -  5.59]  =  144  Z>  x  32.97. 

This  is  the  work  for  a  piston  displacement  =  D  cubic  feet.     If  we  take  D  at  4973 
per    minute,   the    horse   power 
consumed  in  compression  is 

144  x  32.97  X  4973 


33000 


=  716, 


234.  Design  of  a  Two- 
stage  Kachine.  With  condi- 
tions as  in  the  preceding,  con- 
sider a  two-stage  compressor 
with  complete  intercooling  and 
a  uniform  friction  of  one  pound 
between  the  stages.  Here  the 
combined  diagrams  appear  as 
in  Fig.  85.  For  economy  of  ~*^ 
power,   the   intermediate  pres-    Fig.  85.    Art.  234.— Design  of  Two-stage  Compressor. 

•  This  is  not  quite  correct,  becau.se  the  air  at  7?  is  not  "  free ''  air,  i.e.,  air  at 

atmctspheric  temperature.     There  is  a  slight  rise  in  tempeniture  between  C  knd  B 

V  V 

U  Tgia  the  atmospheric  temperature,  and  6=     -,  a=  ^*-,  the  voUimetric  efficiency 

is  Tr  1^-  -  y-)  •    ^  ^^^  '^  ^o  cooling  during  discharge  (along  ED),  Tj^^  T  b^  ^mi^ 
the  volometric  eScieDcj  becomes  -,~(P—a), 
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sure  is  VI 14 .7  x  13.7  =  39.64,  whence  the  first-stage  discharge  pressure  and  the 
second-stage  suction  pressure,  corrected  for  friction,  are  respectively  40.14  and 
39.14  lb.     For  the/r»^  stage.  Fig.  85, 

P,z=Pq=z  40.14,  Pj,  =  Pj,  =  14.7,  Pg  =  Ps  =  13.7,  Vb  =  1.04  D,  V,  =  0.04  D. 

(P«\0'74  /  ia  7  \0.74 

/»,F,i-w  =  PrV^-»  or  r,  =  [^Y^*  Vr  =  f^^rT  '*  0.04  B  =0.08864  D. 
P^r/-«  =  P^TV-«  or  Ki  =  (^)''''  F,=  (^y'''o.04Z)-0.08412Z). 

Pj,Vm^'^  =  Pir^ir^-"  or  Vb  =  (^)°''*^ir  =  (iff  )°^*  1.04 D= 0.987 Z). 

The  vo/ume/ric  efficiency  \s  AB -r- D  =  (^Vb  -  Vj,)  -^D  =  0.987  -  0.08412  =  0.90288. 
T\iQ  piston  displacejnent  per  minute  is  4000  -i-  0.903  =  -^(?.  The  piston  diameter 
is  V(4430  ^  640)  x  144  -j-  0.7854  =  35.6  in.  for  a  stroke  of  640  -j-  (2  x  80)  =  4  ft' 
The  power  consumpti^^  for  this  first  stage  is, 

TT  =  Po(  Vo  -  Vr)  +  ^^ ^'"^  ~  ^^^'^  -Ph^Vh-  Vq)  -  ^'^''  -  ^g^<? 

n  —  1  '  n  —  1 

=  r40.14(0.4701  -  0.04)  +  (40-14  x  0.4701) -(13.7  x  1.04) 

-  13.7(1.04  -  0.0886)-  (^"'^^  "^  0-04)- (13.7  x  0.0886)-|^^  ^ 

=  2348.64  D  foot-pounds  or  10,404,475  foot-pounds  per  minute,  equivalent  to 
S15,S  horse  power. 

Second  Stage 

Complete  intercooling  means  that  at  the  beginning  of  compression  in  the  sec- 
ond stage  the  temperature  of  the  air  will  be  as  in  the  first  stage,  70°  F.     The 

volume  at  this  point  will  then  be  Vg  =  ^  Vn  =  i^  1.04  Z>  =  0.364  D.    We  thus 

^  P^  39.14 

locate  the  point  Z,  Fig.  85,  and  complete  the  diagram  ZCEL  making  Vg  =  0.04 

(  7^  _  r^)  =  0.014  D,  Pc-^Pb  =  114.7,  Pj^Pz=-  39  14,  and  compute  as  follower 

/p    \0.74  /.*^Q14\0'7*  ^  _ 

Vc  =  [-/-]       ^'^  =  (yYJ^)       0.364i>=0.16l2Z). 

/  p    \0.74  /114  7X0.74 

PjV/.ss  =  p^Vb''^  or  Vj  =  (^-^j       r^,  =  (i^ j       0.014  D- 0.0306 D. 

/  />    \  0.74  /  1  1  4.  7\  0«74  _  _ 

P,T7-85  =  P^IV.o5  or  r,  =  ^^^/j       P'^=(iii^)        0.014 D  =  0.0311  Z). 

•Note  that  1^  =  7^,  very  nearly;  so  that  -^  =  — ^=  .-?=_^;  an  approximation 
which  makes  only  one  logarithmic  computat\oiiiieGft«sa.Ty» 


P^TV-85^p,7  1.85    or 
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The  piston  displacement  is  Vz  —  Vb=OMD)  the  volumetric  efficiency  is  the  quo- 
tient of  (Vk-Vj)  =0.3269  D  by  this  displacement,  or  0334.  For  a  stroke  of  4  fl-t 
the  cylinder  diameter  is  V[T0.35  D  =  1550J  -^-6401 X 144  -r0.78o4  =  J^/  .05  tw.  The 
power  consumption  for  this  stage  is 

-(39.14X0.3329)-("^-^X0.014)--(39.14X0.0311)-| 

U.oo  J 

^316.6  horse  power. 
The  total  horse  power  for  the  two-stage  compressor  is  then  ^.7/. 5  and  (within 
the  limit  of  the  error  of  computation)  the  work  is  equally  divided  between  the  stages. 

235.  Comparisons.     We  note,  then,  that  in  two-stajc  compression,  the  saving 

in   power  is  — =tt — =0.12  of  the  power  expended  in  single-stage  compression; 

that  the  low-pressure  cylinder  of  the  two-sta^e  machine  is  somewhat  smaller  than 
the  cylinder  of  the  single-stage  compressor;  and  that,  in  the  two-stage  machine, 
the  cylinder  areas  are  (approximately)  inversely  pro]X)rtional  to  the  suction  pressures. 
The  amount  of  cooling  water  required  will  be  found  to  ht^  several  times  that  neces- 
sary in  the  single-stage  compressor. 

236.  Power  Plant  Applications.  On  account  of  the  ease  of  solution  of  air  in 
■water,  the  boiler  feed  and  injection  waters  in  a  power  plant  always  carry  a  con- 
siderable quantity  of  air  with  them.  The  vacuum  pump  employed  in  connection 
with  a  condenser  is  intended  to  remove  this  air  as  well  as  the  water.  It  is  esti- 
mated that  the  waters  ordinarily  contain  about  20  times  their  volume  of  air  at 
atmospheric  pressure.  The  pump  must  be  of  size  sufficient  to  handle  this  air 
when  expanded  to  the  pressure  in  the  condenser.  Its  cycle  is  precisely  that  of  any 
air  compressor,  the  suction  stroke  being  at  condenser  pressure  and  the  discharf:e 
stroke  at  atmospheric  pressure.  The  water  present  acts  to  reduce  the  value  of  t!.e 
exponent  n,  thus  permitting  of  fair  economy. 

237.  Dry  Vacuum  Pomps.  In  some  modern  forms  of  lii;;li  vacuum  apparatus, 
the  air  and  water  are  removed  from  the  condenser  l»y  s<|>ar:ile  pumps.  The 
amount  of  air  to  be  handled  cannot  be  conii>uted  from  tin;  pressure  and  tempera- 
ture directly,  because  of  the  water  vaj)or  with  which  it  is  saturate*!.  From  Dul- 
ton's  law,  and  by  noting  the  temiwrature  and  pressure  in  the  condenser,  the  pressure 
of  the  air,  separately  considered,  may  be  computed.  Then  the  volume  of  air,  cal- 
culated as  in  Art.  236,  must  be  reduced  to  the  condenser  temperature  and  pressure, 
and  the  pump  made  suitable  for  handling  this  volume  (14). 

Commercial  Types  of  Compressing  Machinery 

238.  Classification  of  Compressors.     Air  compressors  are  classified  according 
to  the  number  of  stages,  the  type  of  frame,  the  kind  of  valves,  the  method  of 
driving,  etc.     Steam-f/riren  compressors  are  usually  mounted  as  one  unit  with  the 
steam  cylinders  and  a  single  common  fly  wheel.     Regulation  is  usually  effected  by 
varying  the  speed.    The  ordinary  centrifu~al  governor  on  the  steam  cylinder  im- 
poses a  maximum  speed  hmit;   the  shaft  pov.rn  )r  ii  controlle  I  by  the  air  pressure, 
which  automatically  changes  the  poii.t  of  cut-oJ  on  t!ic  steam  cyhnder.     Power- 
driven  oompressoFB  may  be  operated  by  electric  motor,  belt,  water  'wYiefcY,  ox  m 
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other  v&TS.  They  are  usaally  regulated  b;  laeans  of  ai 
either  keepe  the  suction  valve  closed  during  one  or  mi 
to  discharge  into  tiie  atmosphere  whenever  the  pijie  li 
air  lift  practice,  a  constant  speed  is  sometimes  de 


nnloading  valve,"  which 

Htrokea  or  allows  the  nir 

(  are  fully  supplied.     In 

il,  irrespeutivB  of  the  load. 


In  the  '■  variable  volume  "  type  of  machine,  the  delivery  of  the  compressor  i« 
rsried  by  cloiritig  the  suction  valve  before  the  completion  of  the  suction  stroke. 
[be  air  in  the  cylinder  then  expands  below  atmospheric  pressure. 


f  239.  Standard  Forms..  The  ordinary  small  compressor  is  a  single-stage 
■Utchine,  with  (loppet  air  valves  on  the  sides  of  the  cylinder.  The  frame  is  of  the 
'■  fork"  pattern,  with  bored  guides,  or  of  the  "duplex"  type,  witli  two  singlt^stage 
eyliiulera.  These  machines  may  be  either  steam  or  l>elt  driven.  The  "straight 
line"  compressors  differ  from  the  duplex  in  having  all  of  the  cylinders  in  one 
straight  line,  regardless  of  their  number. 

For  high-grade  service,  in  large  units,  the  Btan<lBrd  form  is  the  cross-conijiound 
two-stage  machine,  the  low-pressure  steam  and  air  cylinders  being  located  tandem 
beside  the  high  ■pressure  cylinders,  and  the  air  cylinders  being  outboard,  as  in 
Fig.  aiO.  Ordinary  standard  machines  of  this  class  are  built  in  capacities  ranging 
Up  to  8000  CO.  ft.  of  free  air  per  minute.  The  other  machines  are  usually  con- 
stmcb^  only  in  sinaller  si)ies,  ranging  down  to  as  small  as  100  cu.  ft.  per  minute. 

Some  progress  has  been  made  in  the  development  of  rolary  compressors  for 
direct  driving  by 
Rteatn  turbines.    The 
efficiency   Ls  fully   as 
high   as    that   of    an 
ordinary     reciprocat- 
ing  compressor,   and 
the  mechanical 
are     much     less. 
paper  by  Rice   {Jr 
A.    S.    M.    B. 
'H  describee  a  B-slage 
turbo  -  machine        sX 
1650    r.  p.  n 
TOnnccled     to     a     4- 
stage    steam    turbine, 
nnh     the    low     di»- 
char^  p  r  e  s- 
sure     (1.5    lb. 
Bauge).    num- 
erous     stages 
and  intercool- 
ers,  compression  is  practically  isothermal. 

S40.  Hydraulic  Piston  Compressors;  SommeiUer's.    In  Fig.87,as  the  piston^ 
riirht,   air  is  drawn   through  C  lo  f?,   togeiher  n'ith  cooling  water 
1  B.     On  the  return  stroke,  the  air  is  compressed  and  discharged  through  D 
Indicator  diagrams  are  given  in  Fig.  88. 
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The  value  of  n  is  excBptionally  low,  and  clearance  expansion  almost  elimi- 
QBted.     This  vaa  the  first  commercial  piston  compressor,  and  it  is  still  used  to  a 


-1-JA- 

\  "iVv ; 

.  J^^  i 

i      "-tsj,^. 

i      ~^>-^H^. .     . 

\ 

i     1     j     1   "f^^^^t'^-i— _i__ 

l,^ 

1        [        1        1        1        f        1        1           l> 

limited  extent  in  Europe,  the  large  volume  of  water  present  giving  effective  eool- 

iiig.     It  cannot  be  operated  at  liigh  speeds,  on  account  of    the   inertia   of   the 


The  Leavitt  hydraulic  piston  compre^tior  at  the  Calnmet  and  Hecia  copper 
miiie^  Michigan,  has  douhli'-acting  cylinders  00  by  13  in.,  and  runs  at  25  cerolu- 


hijrh  speed.     The  vahie  of  n  from  tli 
card  shown  in  Fig.  8!)  is  l.L'J. 


241.    Tarlor  Hydraulic  Compressoi 
Wat^r  is  (■oiidiirtp<l  thn.ngh  a  * 
shaft  at  llie  necessary  he.icl  (2  .1 
pound  pressure)  to  a  separating 


ip^^ 
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ber.  The  shAft  is  lined  with  a  riveted  or  a  cast-iron  cyliDder,  and  at  its  top  ia  a 
dome,  located  ra  that  the  water  flows  downward  around  the  inner  circumference 
ot  the  cylinder.  The  dome  is  so  made  that  the  water  alternately  contracts  and 
expands  during  its  passage,  producing  a  partial  vacuum,  by  means  of  which  air  is 
tlr&wn  in  through  numerous  small  pipes.  The  air  is  compresaed  at  the  t«nipera- 
ture  of  the  water  while  descending  the  ahntt.  The  sei>arating  chambijr  is  so 
large  as  to  permit  of  separation  of  the  air  under  an  inverted  bell,  from  which  it  is 
led  by  a  pipe.  The  efficiency,  as  compared  with  that  theoretically  posaible  in 
■aothennal  compression,  is  0.60  to  0.70,  some  air  being  always  carried  away  in 
sohitic»i.  The  initial  cost  is  high,  and  the  system  can  be  installed  only  where 
a  bead  of  wat«r  is  available.  Figure  90  illustrales  the  device  (15).  The  head  of 
water  must  be  at  least  equal  to  that  corresponding  to  the  pressure  of  air. 

The  "cycle"  ot  this  type  of  compressor  may  be  regarded  as  made  up  of  two 
constant  pressure  paths  and  an  isothermal,  there  being  no  clearance  and  no  "valve 
friction." 

242.  Details  of  Conatnictloa,  The  standard  form  of  cslindrrfar  large  machines 
is  a  two-piece  casting,  the  woi'iing  barrel  being  separate  from  the  jacket,  so  that 
the  former  may  he  a  good  wearing  metal  and  may  be  quite  readily  removable. 
Access  to  the  jacket  space  is  provided  through  bolt  holes. 

On  the  smaller  compressors,  the  poppet  type  of  valve  is  frequently  used  for  both 
inlet  and  dischaige  (Fig.  91J.    It  is  usually  considered  best  to  place  these  valves 


in  the  head,  thus  decreasing  the  clearance.     They  are  aatisfactery  valves  for  auto- 
matically ctmtroUing  the  point  of  discharge,  excepting  that  they  are  occasionally 
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noisy  and  uncertain  in  dosing,  and  if  the  springs  ore  made  stiff  for  iightnese,  a,  con- 
siderable amount  of  power  may  be  consumed  in  opening  the  valves.  Poppet  valves 
work  poorly  at  very  low  pressures,  and  are  not  generally  used  for  controlliiig  the  int; ' 
of  air,  Home  form  of  mcehanieally  operated  valve  i«  preferably  employed,  such  as  i 
li-rockinft  tvpe  of  Fig  92,  locnicd  at  the  bottom  of  the  cyiinder,  which  has  poppet 


valves  for  the  discharge 


Corliss  inlet  valves  are  usunIK 
emplojed,  these  bemit 
roLkmg  cvhndrical  valves 
runnmg  crosHwise  As  in 
«teiim  engines,  they  oj 
ill  11  en  from  aii  eecentne 
»mI  wrist  plate  as  to  give 
rapid  o^ienliig  and  closing 
of  the  port,  with  a  con 
pn.ratively  slow  int«r\ei 
iTig  movement  They  ta 
nut  suitable  for  use  na 
disthaige  valves  in  aingle- 
'ta^B  eompressors,  or  la 
the  high  pressniT  cyliii- 
dera  of  wiilti  stage  com- 
pieasors  as  they  becoue 
fully  open  too  lul«  in  the 
stioke  to  gi\e  a  suffi- 
ciently free  diachnrge 
111  Fig  m  Corli-s  valves 
art!  VHid  for  both  inlet 
and"  discharge.  The 
auxiliary  poppet  sboi 
is  used  aa  a  safety  valve. 


Fia.  03.    Art.  342. — Compressor  Cylinder  with  Corli5.s  YnV 
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A  gear  sometimes  used  consists  of  Corliss  inlet  valves  and  mechanically  operated 
discharge  valves,  which  latter,  though  expensive,  are  free  from  the  disadvantages 
sometimes  experienced  with  poppet  valves.  The  cloning  only  of  these  valves  is 
mechanicaUy  controlled.    Their  opening  is  automatic. 

A  common  rule  for  proportioning  valves  and  passages  is  that  the  average  velocity 
of  the  air  must  not  exceed  6000  ft.  per  minute. 


Compressed  Air  Transmission 

243.  Transmissive  Losses.  The  air  falls  in  temperature  and  pressure  in  the 
pipe  line.  The  fall  in  temperature  leads  to  a  decrease  in  volume,  wliich  is  further 
redaced  by  the  condensation  of  water  vapor ;  the  fall  in  pressure  tends  to  increase 
the  volume.  Early  experiments  at  Mont  Cenis  led  to  the  empirical  formula 
F  =  0.00000936  (n^l  -5-  rf),  for  a  loss  of  pressure  F  in  a  pipe  d  inches  in  diameter, 
/  ft.  long,  in  which  the  velocity  is  n  feet  per  second  (16). 

In  the  Paris  distributing  system,  the  main  pipe  was  300  mm.  in  diameter,  and 
about  J  in.  thick,  of  plain  end  cast  iron  lengths  connected  with  rubber  gaskets. 
It  was  laid  partly  under  streets  and  sidewalks,  and  partly  in  sewers,  involving  the 
use  of  many  bends.  There  were  numeroius  drainage  boxes,  valves,  etc.,  causing 
resistance  to  the  flow ;  yet  the  loss  of  pressure  ranged  only  from  3.7  to  5.1  lb.,  the 
average  loss  at  3  miles  distance  being  about  4.4  lb.,  these  figures  of  course  including 
leakage.  The  percentage  of  air  lost  by  leakage  was  ascertained  to  vary  from  0.38 
to  1.05,  including  air  consumed  by  some  small  motors  which  were  unintentionally 
kept  running  while  the  measurements  were  made.  This  loss  would  of  course  be 
proportionately  much  greater  when  the  load  was  light 

244.  Unwin's  Formula.  Unwin's  formula  for  terminal  pressure  after  long 
transmission  is  commonly  employed  in  calculations  for  pii)e  lines  (17).     It  is, 

i 


^  "  H        430  Td\  ' 


in  "which  p  =  terminal  pressure  in  pounds  per  square  inch, 
P  =  initial  pressure  in  pounds  per  square  inch, 
f=z&n  experimental  coefficient, 
u  =  velocity  of  air  in  feet  per  second, 
L  =  length  of  pipe  in  feet, 
d  =  diameter  of  (circular)  pipe  in  feet, 
T  =  absolute  temperature  of  the  air,  F^ 

A  simple  method  of  determining/is  to  measure  the  fall  of  pressure  under  known 
conditions  of  P,  ti,  T,  Z,  and  dj  and  apply  the  above  formula.  Unwin  has  in  this 
^way  rationalized  the  results  of  Riedler*s  experiments  on  the  Paris  distributing 
system,  obtaining  values  ranging  from  0.00181  to  0.00440,  with  a  mean  value 
y  =  0.00290.  For  pipes  over  one  foot  in  diameter,  he  recommends  the  value  0.003 ; 
for  6-inch  pipe,/=  0.004^55;  for  8-inch  pipe,/=  0.004. 

Riedler  and  Gutermuth  found  it  possible  to  obtain  pijie  lengths  as  great  as 
10  miles  in  their  experiments  at  Paris.     Previous  experiments  had  been  made,  on 
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»  smaller  Bcale,  by  Stockalper.  For  cast-iron  pipe,  a  barinniiization  of  these 
esperimenU  gives  /  =  0.(»(I27(1  +  0.3  d),  d  Leiag  the  diameter  of  the  pipe  in  feet. 
The  Tallies  ()f  /  for  ordinary  -wrouglit  pipe  are  probably  Hot  widely  different.  In 
any  welMeaigntd  plant,  tiie  preasure  loss  may  be  kept  very  low. 

245.  Storaee  of  Compreased  Air.  Air  is  sometimes  stored  at  very  high  pres- 
sures for  tlie  operation  of  locomotives,  street  cara,  buoys,  etc.  Aii  important  con- 
sequence of  the  principle  illustrated  in  Joule's  poruus  plug  experiment  (ArL  74) 
here  comes  into  play.  It  waa  remarked  in  Art.  74  that  a  slight  fall  of  temperature 
occurred  during  tlie  reduction  of  pleasure.  This  was  espressed  by  Joule  by  tha 
formula 

in  which  F  was  the  fall  of  temperature  in  degrees  Centigrade  for  a  preBmire 
drop  of  100  inches  of  mercury  when  T  was  the  initial  absolute  temperature 
(Centigrade)  of  th.-  air.  For  air  at  '(T  F.,  this  fall  is  only  Ij"  F..  but  when  stored 
air  at  high  pressure  is  expanded  through  a  reducing  valve  for  use  in  a  motor,  the 
pressure  change  is  frequently  so  great  that  a  considerable  reduction  of  tempera- 
luri-  occurs.  The  efficiency  of  the  process  is  very  low ;  Peabody  cites  an  instance 
(IS)  in  wliich  with  a  reseiToir  of  75  eu.  ft.  capacity,  carrying  450  lb.  pressure, 
with  motors  operating  at  50  lb.  pressure  and  compression  in  three  sl.i^s.  the 
maximum  computed  plant  efficiency  is  only  0.29.  An  element  of  danger  arises  in 
compressed  air  .storage  pla'its  from  the  possibility  of  explosion  of  minute  traces 
of  oil  at  the  high  temperatures  produced  by  compressiou. 

246.  Liquefaction  of  Air ;  Linde  ProCHS  (IS).  The  fall  of  temperature  accom- 
panying a  reduction  of  pressure  has  been  utilieed  by  Linde  and  others  in  the 
tnanufactnre  of  liquid  air.  Air  is  compressed  to  about  21)00  lb.  pressure  in  & 
threfrstage  machine,  and  then  delivered  to  a  cooler.  This  consists  of  a  double 
tube  about  100  ft.  long,  arranged  in  a  coil.  The  air  from  the  compressor  passes 
through  the  inner  tube  to  a  small  orifice  at  its  farther  end,  where  it  expands  into 
a  reservoir,  the  temperature  falling,  and  returns  through  the  outer  tube  of  the 
cooler  bock  to  the  compressor.  At  each  passage,  a  fall  of  temperature  of  about 
^7}°  C.  occurs.  The  clfect  is  cumulative,  and  the  air  soon  reaebea  a  temperature 
at  which  the  pressure  will  cause  it  to  liquefy  (Art.  610), 

247.  Sefrigeratlon  by  Compreased  Air.    This  subject  will  be  more  particularly 

considered  in  a  later  chapter.  The  fall  of  temperature  accompanying  expnnsiou 
in  the  motor  cylinder,  with  the  difficulties  which  it  occasions,  have  been  men- 
tioned in  Art.  185.  Early  in  the  Paris  development,  this  drop  of  temperature  was 
Ulilisied  for  refrigeration.  The  exhaust  air  was  carried  through  flues  to  wine 
cellars,  whei'e  it  served  for  the  cooling  of  their  contente,  the  prodaction  of  ice,  etc. 
]u  some  cases,  the  refrigerative  effect  alone  is  sought,  the  performance  of  work 
during  the  expaasiou  being  incidental. 

(1)  As  text  books  on  the  commercial  aspects  of  this  subject  Peele's  CompresMrf  .4tr 
PUuU  (John  Wiley  4  Sons)  and  Wightman'e  Compressed  Air  (American  School  of 
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Correspondence,  1909),  may  be  consulted,  (la)  Riedler,  Neue  Erfahrungen  tVcr 
die  Kraflveraorgnv J  tvn  Paris  durch  Druclduft,  Berlin,  1891.  (2)  Pernolet  {L'/.^r 
Comprint^)  is  the  standard  reference  on  this  work.  (3)  Experiments  vfon  Tn.f  s- 
mussion,  etc.  (Idell  ed.),  1903,  98.  (4)  Unwin,  op.  at.,  18  et  seq.  (5)  rn\\in, 
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SYNOPSIS  OF  CHAPTER  IX 
The  use  of  compreaBed  cold  air  for  power  engines  and  pneumatic  tools  dates  from  J860, 

The  Air  Engine 

The  ideal  air  engine  cycle  is  bounded  by  two  constant  pressure  lines,  one  constant 
volume  line,  and  a  polytropir.  In  practice,  a  constant  volume  drop  also  occurs 
after  expansion. 

Work  form  nlas : 

pv-^-pv  log,  ^-  qV;  pv^P""  -  ^^^^  qV,  pv  log,  J-^  (pv-PV)!-^-]. 

Prehtaters  prevent  excessive  drop  cif  tcmpenitiu:*e  during  expansion;   the  heat  em- 

ployetl  is  not  wasted. 
Cylinder  volume  =  38^000  XBt  -f-  2  n  Vp^  ignoriwj  clearance. 
To  ensure  quiet  running,  the  exhau-^^t  valve  is  closed  early,  tlie  clearance  air  acting  as  a 

cu.<«hion.    This  modifies  the  cycle. 
Karly  closing  of  the  exhaust  valve  also  reduce.^  the  air  c<tnsiimption. 
Actual  figures  for  free  air  consumptiou  range  from  40O  to  J400  cu.  ft.  per  Ihp-hr. 

Tlie  Compressor 

The  cycle  differs  from  that  of  the  engine  in  having  a  sharp  **  toe"  and  a  complete  clear- 
ance expansion  curve. 

Economy  depends  largely  on  the  shape  of  the  compression  curve.  Close  approximation 
to  the  isothermal,  rather  than  the  adiabatic,  should  be  attained,  as  during  expan- 
sion in  the  engine.  This  is  attempted  by  air  cooling,  jet  and  spray  injection  of 
water,  and  jacketing.    Water  required=  C—  H^  (5—  ») . 

Multi-stage  operation  improves  the  compression  curve  most  notably  and  is  in  other 

respects  beneficial. 
JntercooliHg  letyds  to  friction  losses  but  is  essential  to  economy;  must  be  thorough. 
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Work,  Htgleeting  eharanee  (single  cylinder),  =  W- ^^[(^'JT^-l'l- 
The  area  under  l.he  compression  curve  is  called  the  work  of  eomprtMion. 
Minimtim  viurk.  in  two-Htaga  coiopreaaicm,  w  obtained  when  P'  =  qp. 

Engine  and  Compreimot  Relations 
Compr«x*ivt  ffficUueii :  rutin  of  engine  work  to  compressor  work  ;  0.5  to  0.9. 
Xeehankal  rfflfirncy :  ralin  of  work  In  cylinder  and  work  at  shaft ;  O.SO  to  0.90. 
Cylinder  t^ieiranj :  rjilio  of  ideal  diagram  area  and  actual  diagram  area ;  0.70  to  0.90. 
Flout  effleifiiry :  ratio  of  work  delivered  by  air  engine  to  work  expended  at  compressor 

shaft ;  0.!3  In  0.45 ;  theoretical  maximum,  1.00. 
The  combined  id^al  rntrupy  diagram  is  iKKinded  by  liei>  euaHimU  prfs»urr  ciirnes  na/l 

(iDo  pulytropirx.    The  economy  of  tlifir'iMgli  iateraioling  with  multi-stage  operation 

is  shown  ;  an  is  the  Importance  of  a  loin  r.zponeot  for  the  poly  tropica.     With  very 

cold  water,  the  net  power  consumption  might  be  negative. 

ComprruoT  Capaeity 
\'olumeirie  ^el*ii6g=ratioo/freealTdraa)i  in  to  piston  dltpla^emtitl ;  it  is  decreased 
by  Kteeigive  (learante,  suction  friction,  heating  ilurinff  auction,  and  InslAllation  at 
high  altit«ile».  Long  ttrake  atmprnasors  have  proportionately  less  olearanoe. 
Water  may  be  used  to  fill  the  dearanee  space :  multa-sUtge  operation  makes 
clearance  leu  dHrimeiilnl ;  refrigeration  of  the  eutering  air  increases  the  volumet- 
ric efficiency.  Its  vatne  ranges  ordinarily  from  0-70  to  O.OS.  Suction  friction 
and  rfearancB  also  decrease  the  eytinder  f^cieiicy,  as  does  d(achargc  friction. 

Compressor  Design 
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to  be  increased  .5  to  lO  per  cent  in  practictv 
In  a  multi-stage  compressor  with  perfecl  intercoolliiy,  thit  njlinder  vnla.nr.»  are  in  rprsely 

as  th'  suction  pn-ssurrs. 
'lite  power  consumed  in  compresaiim  may  be  calculated  fur  any  asHuined  compre»!iivB 

path. 
A  typical  problem  shows  a  saving  of  IS  per  cent  by  two-stage  compression. 
The  "vacniimpvMp"  used  with  a  condenser  is  an  air  compreaaor. 

Co  mm  ere  ill  J  Types  of  Compressing  Machinerii 
Classiflcation  is  by  number  of  stages,  type  ol  frame  or  taJvei,  or  method  of  driving. 
Governing  is  accoinpUahed  by  changing  the  speed,  the  suction,  or  the  discharge  pressure. 
Commercial  types  include  the  «fnfrlc,  duplex,  straight  line  and  cross-compound  two-stage 

forms,  the  last  having  capacities  up  to  6000  cu.  ft,  per  minute.    Some  progresa  liaa 

been  made  with  turbo-compressors. 
Hydraulic  piston  compressors  ^ve  high  efficiency  at  low  speeds. 
The  Taylor  hydraulic  compressor  gives  efficiencies  up  (o  0,00  or  O.TO. 
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Cylinder  barrels  and  jackets  are  separate  castings.     Access  to  water  space  must  be 

provided. 
Poppet,  mechanical  irUet^  Corliss^  and  mechanical  discharge  valves  are  used. 

Compressed  Air  Transmission 
Loss  in  pressure  =  0.00000936/i«i-=-d. 

Ill  Paris,  the  total  loss  in  S  miles,  including  leakage,  was  4-4  ^. ;  the  percentage  of  leak- 
age was  0.38  to  1,05,  including  air  unintentionally  supplied  to  consumers. 

Unwin's  formula;  P=^\^-^-fA    -   ^^^^^  ^a-^^e  of /=0.0029.  /=0.0027(l-|-0.3d). 

(273. 7\  * 

Stored  high  pressure  air  may  be  used  for  driving  motors,  but  the  efficiency  is  low. 

The  fall  of  temperature  induced  by  throttling  may  be  used  cumulatively  to  liquefy  air. 

The  fall  of  temperature  accompanying  expansion  in  the  engine  may  be  employed  for 

refrigeration. 

PROBLEMS 

1.  An  air  engine  works  between  pressures  of  180  lb.  and  15  lb.  per  square  inch, 
absolute.  Find  the  work  done  per  cycle  with  adiabatic  expansion  from  r  =  1  to  V=  4, 
ignoring  clearance.  By  what  percentage  would  the  work  be  increased  if  the  expaiusion 
curve  were  PV^-^  =c  ?     (Ans.,  44,800  ft.  lb;  4.3  %.) 

2.  The  expansion  curve  isPV^-^  —  c,  the  pressure  ratio  during  expansion  7 :  1,  the 
initial  temperature  100"  F.  Find  the  temperature  after  expansion.  To  what  tempera- 
ture most  the  entering  air  be  heated  if  the  final  temperature  is  to  be  kept  above  32°  F.  ? 

{Ans.,  -103°  F.;  310°  F.) 

3.  Find  the  cylinder  dimensions  for  a  double-acting  100  hp.  air  engine  with  clear- 
ance 4  per  cent,  the  exhaust  pressure  being  15  lb.  absolute,  the  engine  making  200 
r.  p.  m^  the  expansion  and  comprc&sion  curves  being  PV^'^^  =  c,  and  the  air  being 
received  at  160  lb.  absolute  pressure.  Compression  is  carried  to  the  maximum  pres- 
sure, and  the  piston  speed  is  400  ft.  per  minute.  A  10-lb.  drop  of  pressure  occurs  at 
the  end  of  expansion.  (Allow  a  10  per  cent  margin  over  the  theoretical  piston  dis- 
placement.)    (Ans.,  13.85  ins.  by  12.0  ins.) 

4.  Estimate  the  free  air  consumption  per  Ihp.-hr.  in  the  engine  of  Pmblem  3. 

{Ans.,  612  cu.  ft.) 

5.  A  hydrogen  compressor  receives  its  supply  at  70°  F.  and  atmospheric  pressure, 
and  discharges  it  at  100  lb.  gauge  pressure.  Find  the  temperature  of  discharge,  if  tlie 
compression  curve  is  Pri-32=rc.     (Ans.,  412°  F.) 

6.  In  Problem  5,  what  is  the  percentage  of  power  wasted  as  compared  with  iso- 
thermal compression,  the  cycles  being  like  CBAD,  Fig.  57  ? 

7.  In  Problem  3,  the  initial  temperature  of  the  expanding  air  being  100°  F.,  find 
what  quantity  of  heat  must  have  been  added  during  expansion  to  make  tiie  path 
PV^-^^c  rather  than  an  adiabatic.  Assuming  this  to  be  added  by  a  water  jacket,  the 
water  oooling  through  a  range  of  70°,  find  the  weight  of  water  circulated  per  minute. 

S.  Find  the  receiver  pressures  for  minimum  work  in  two  and  four-stage  compres- 
aon  of  atmospheric  air  to  gauge  pressures  of  100,  125,  150,  and  200  lb. 

9.  What  is  the  minimum  work  expenditure  in  the  cycle  compressing  free  air  at 
70"  F.  to  100  lb.  gauge  pressure,  per  pound  of  air,  along  a  path  PV^'^  =  c,  clearance 
heing  ignored  ?     (Ans.,  76,600  ft.  lb.) 

10.  Find  the  cylinder  efficiency  in  Problem  3,  the  pressure  in  the  pipe  line  being 
105  lb.  absolute.     (Ans,,  62.5%.) 

11.  Sketch  the  entropy  diagram  for  a  four-stage  compressor  and  two-stage  air 
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engino,  In  wbicli  n  is  1.3  for  the  compresaar  and  1.4  for  the  engine,  the  air  is  inade- 
quatelj  intertooled,  perfectly  aftercooled,  and  inadequataly  preheated  between  the 
engine  cjliudera.  Compare  with  the  entropy  diograca  for  ailiabAtic  paths  and  perfect 
intercooling  and  such  pTeke^iting  as  to  keep  the  temperature  of  the  exhaust  above  32°  T. 
IZ.  Ftnd  the  cylinder  dimenaions  and  theoretical  power  uonsumption  of  a  aii^le- 
acting  Bingle-etage  air  coiuiiressar  to  deliver  8000  cu.  ft.  of  free  air  per  minute 
180  lb.  absolute  preHSure  at  60  r.  p.  in.,  the  intake  air  being  at  13.0  lb.  absolute  press- 
ure, the  piston  speed  040  ft.  per  minute,  clearance  3  per  cent,  an<)  tliu  expansion  and 
compression  curves  following  the  law  PT'>3i  =  c.     {Aiia.,  80  by  64  in.) 

13.  171111  conditions  an  in  Prablem  12,  find  the  cylinder  dimen^ons  and  power 
consumption  if  compreswou  is  in  two  stages,  intercooliiig  is  perfect,  and  2  lb.  of  fric- 
tion loss  occurs  between  the  stages.     [Ant.,  74  by  38  by  IH  in.) 

1*.  The  cooling  water  rising  from  68°  F.  to  89°  P.  in  temperature,  in  Art.  233, 
Und  the  water  consumption  in  gallons  per  minute. 

15.  Find  the  water  consumptjon  for  jackets  and  intercooling  in  Art.  234,  the  nn 
of  temperature  of  the  water  being  from  47°  to  98°  F. 

16.  Find  the  cylinder  volume  of  a,  pump  to  maintain  26"  vacuum  when  pumping 
100  lb.  of  air  i>er  hour,  the  initial  temperature  of  the  air  being  1 10°  F.,  compreadoa 
and  expansion  curves  PF'-^^'^c,  clearance  0  per  cent.,  and  the  pump  having  ttra 
dottble-actlng  cylL-iders.    The  speed  is  00  r.  p.  m.    Pipe  friction  may  be  ignored. 

17.  Compare  the  Riedler  and  Gulenoutb  formula  lor  /  (Art.  244)  with  Unwii 
values.     What  apparent  contradiction  is  noticeable  in  the  variation  of  /  with  d  ? 

IB.  In  a  cumpruwed  air  locomotive,  the  atr  is  stored  at  2000  lb.  preesuie  and  de- 
livered to  tlie  motor  at  lOO  lb.  Find  the  temperature  of  the  air  delivered  to 
motor  if  that  of  the  air  in  the  reservoir  Is  80°  F.,  assuming  that  the  value  of  F  (Art. 
345)  Is  directly  proportional  to  the  pressure  drop. 

14,  With  isothermal  curves  and  uo  friction,  transmission  loss,  or  clearance,  what 
would  be  tlie  combined  eOiciency  from  compressor  to  motor  of  an  air  storage  system 
in  which  the  storage  pressure  was  450  lb.  and  the  motor  pressure  SO  lb.?  The  tem- 
perature of  the  tir  is  80°  F.  at  the  motor  reducing  valve.  (Assume  that  the  formula  Im 
Art.  245  holds,  and  that  the  temperature  dnjp  is  a  dirootfunctionof  Ihepressuredrop.) 

20.  Find  by  the  Mont  Cenls  formula,  the  loss  of  pressure  in  a  ]2-)u.  pipe  2  mile* 
long  in  wluch  the  aii'  velocity  is  32  ft.  per  second.  Compare  with  I'nwin's  formula, 
using  the  Riwiler  and  Outerrauth  value  for/  assuming  P  — 80,  T— 70°  F. 

21.  Find  the  free  air  consumption  per  Ihp.-hr.  if  the  action  of  tlie  engine  in  Art. 
190  Is  tnodiflud  as  suggested  in  Art.  101. 

22.  Find  under  what  initial  pressure  condition,  in  Art.  183,  on  output  of  1.27 
Ihp.  may  theoretically  be  obtained  from  890  cu.  ft,  of  free  Mr  per  hour,  the  exhaust 
pressure  bcuig  tliat  of  the  atmu^pUerc.  and  the  cxp.iasive  path  being  [a)  isothermal,  . 
(b)  adlabatic.     (An».,  la).  50  Ih.  absolute.) 

23.  A  compressor  having  n  capacity  of  500  cu.  ft.  of  free  air  per  minute  (7>>-  U.T, 
(s70°)  is  tecguired  to  Hll  a  700  cu.  ft.  tank  at  a  pressure  of  2500  lb.  per  siiuare  inch. 
How  long  will  this  reiiuire.  if  the  t«m!wrature  in  tlie  tank  is  140°  at  tlie  end  of  ths 
operation,  and  the  dlscliftrgo  pressure  is  constant? 

24.  In  Prohkm  Ifl,  wliat  is  the  lUeoretioal  minimum  amomit  o(  power  that  ml^l 
bt)  cohsumoil,  with  no  clearance  and  no  abstraction  of  heat  during  comprosaiun?  Hutr 
does  this  compare  with  ihi-  jKiwur  consumption  In  the  actual  case? 

25.  A  Taylor  hydraullo  compressor  (Art.  241),  with  water  at  43",  compresses  air  ■ 
to  50  lb.  gauge  presure.  If  the  efBciency  Is  0.05  of  that  possible  in  isothermal  compres- 
sion, And  the  horae  power  consumed  in  compressing  4000  cu.  ft.  of  free  air  permini 


CHAPTER  X 

HOT-AIR  ENGINES 

248.  General  Considerations.  From  a  technical  standpoint,  the  class  of 
air  engines  includes  all  heat  motors  using  any  permanent  gas  as  a  working 
substance.  For  convenience,  those  engines  in  which  the  fuel  is  ignited 
inside  the  cylinder  are  separately  discussed,  as  intomcU  combustion  or  gas 
engines  (Chapter  XI).  The  air  engine  proper  is  an  external  combustion 
engine,  although  in  some  types  the  products  of  combustion  do  actually 
enter  the  cylinder;  a  point  of  mechanical  disadvantage,  since  the  corro- 
sive and  gritty  gases  produce  rapid  wear  and  leakage.  The  air  engine 
esaploys,  usually,  a  constant  mass  of  working  substance ^  i.e.,  the  same 
body  of  air  is  alternately  heated  and  cooled,  none  bein^  discharged  from 
the  cylinder  and  no  fresh  supply  being  brought  in;  though  this  is  not 
always  the  case.  Such  an  engine  is  called  a  *'  closed  "  engine.  Any 
fuel  may  be  employed;  the  engines  require  Uttle  attention;  there  is 
no  danger  of  explosion. 

Modem  improvements  on  the  original  Stirling  and  Ericsson  forms  of 
air  engine,  while  reducing  the  objections  to  thos?  types,  and  giving 
excellent  results  in  fuel  economy,  are,  nevertheless,  Hmited  in  tlieir 
application  to  small  capacities,  as  for  domestic  pumping  service.  The 
recent  development  of  the  gas  engine  (Chapter  XI)  has  further  served 
to  minimize  the  importance  of  the  hot-air  cycle. 

In  air,  or  any  perfect  gas,  the  temperature  may  be  varied  independ- 
ently-of  the  pressure;  consequently,  the  limitation  referred  to  in  Art.  143 
as  applicable  to  steam  engines  does  not  necessarily  apply  to  air  engines, 
which  may  work  at  much  higher  initial  temperatures  than  any  steam  en- 
^ine,  their  potential  efficiency  being  consequently  much  greater.  When 
a  specific  cycle  is  prescribed,  however,  as  we  shall  immediately  find,  pres- 
sure limits  may  become  of  importance. 

849.  Capacity.  One  objection  to  the  air  engine  arises  from  the  ex- 
tremely slow  transmission  of  heat  through  metal  surfaces  to  dry  gases. 
This  is  partially  overcome  in  various  ways,  but  the  still  serious  objection 
is  the  small  capacity  for  a  given  size.  If  the  Carnot  cycle  be  plotted  for 
one  pound  of  air,  as  in  Fig.  94,  the  enclosed  work  area  is  seen  to  be  very 
small,  even  for  a  considerable  range  of  ])ressures.  The  isothermals  and 
adiabatics  very  nearly  coincide.  For  a  given  output,  therefore,  the  air  en- 
gine must  be  excessively  large  at  anything  like  reasonable  maximum  pres- 
sures. In  the  Ericsson  engine  (Art.  209),  for  example,  although  the  cycle 
was  one  giving  a  larger  work  area  than  t^iat  of  C'amot,  four  cylinders 
were  reqidred,  each  having  a  diameter  of  1 4  ft.  and  a  stroke  of  G  ft.;  it 
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was  estimated  that  a  steam  engine  of  equal  power  would  have  required 
only  a  single  cylinder,  4  ft.  in  diameter  and  of  10-ft.  stroke,  running  at  17 
revolutions  per  minute  and  using  4  lb.  of  coal  per  horse  power  per  hour. 
The  air  engine  ran  at  9  r.  p.  m.,  and  its  great  bulk  and  cost,  noisiness  and 
rapid  deterioration,  overbore  the  advantage  of  a  much  lower  fuel  con- 
sumption, 1.S7  lb.  of  coal  per  hp.hr.     At  the  present  time,  with  increased 
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Flo. '.».     Arts.  -iV.t,  2J0.  —  Carnot  CycU  tvi  Air, 

steam  pressures  and  piston  spectis,  the  equivalent  steam  engine  would 
lie  stilt  smaller. 

250.  Camot  Cycle  Air  Engine.  The  efficiency  of  the  cycle  shown  in 
Fig.  91  has  already  been  computed  as  {T—t)-i-T  (Art.  135).  The  work 
done  per  cycle  is,  from  Art.  ilS5, 


-*loR,T 


=/;(y'-Oiog,^'=ft(r-oiog.p. 


Another  expression  for  the  work,  since 
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But  from  Art.  104,  &  =  fI!\'-\  whence 

P,  =  P,(JJ"  and  W=E(T-t)\og.  J;(|i)"*. 
This  can  have  a  positive  value  only  when  ~  ^  (  —  ]»~*  exceeds  unity ;  which 

is  possible  only  when  — ^  exceeds  [  —  )'"'.     Now  since  /*,  and  P,  are  the 

limiting  pressures  in  the  cycle,  and  since  for  air  ?/-!-(y  —  l)  =  3.486,  the 
fninimqin  necessary  ratio  of  pressures  increases  as  the  3.486  power  of  the  ratio 
of  temperatures.*  This  alone  makes  the  cycle  impracticable.  In  Fig.  94, 
the  pressure  range  is  from  14.7  to  349.7  lb.  per  square  inch,  although  tlie 
temperature  range  is  only  100°. 

Besides  the  two  objections  thus  pointed  out — large  size  for  its 
capacity  and  extreme  pressure  range  for  its  efficiency — the  Camot  engine 
would  be  distinguished  by  a  high  ratio  of  maximum  to  average 
pressure;   a  condition  which  would  make  friction  losses  excessive. 

251.  Polytropic  Cycle.  In  Fig.  95,  let  T,  t  be  two  isothermals,  eh  and  dfivfo 
lite  polytropic  curves,  following  the  law  pv*  —  c,  and  ed  and  hf  two  other  like 
polytropic  curves,  following  the  law  pv^  =  c. 
Then  ebfd  is  a  polytropic  cycle.     Let  Ty  /,  P/,,  P^ 


t»-\ 


the   en- 


be  given.      Then    7^=  ^-^^'^  "  .     In 

tropy  diagram, 
Fig.  96,  locate  the 
isothermals  y,  /, 
Te,  Choose  the 
point  e  at  random. 
From  Art.  Ill,  the 
specific  heat  along 
a  path  pv^  =  c   is 

=  Z  (1^1);  and 


--. 


^^ 


-•— b 


^-< 


s 


Fio.  1K>.     Arts.  251,  250,  Prob.  4a. 
—  Polytropic  Cycle. 


Fio.  96.    Arts.  251,  256.  — Poly- 
tropic Cycle. 


from  Art.    103,  the  increase  of  entropy  when  the 
specific    heat    is   5,    in    j>assing     from   e   to   6,   is 

T 

N  =  s  logg—p.     This  i>ermits  of  plotting  the  curve 


*  It  has  been  shown  that 


Pi 


j-  m 


V 


But  Pi<Pa,  if  a  finite  work  area  is  to 


y 

be  obtained;  hence  ■^<  (-^ir 


T<\'f\'     •     ^^®  efficiency  of  the  Camot  cycle  may  of  course 
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eb  in  successive  short  steps,  in  Fig.  96.     Along  edy  similarly,  s,  =  // ^ — ^ )  and 
J,  \m-l/ 

iVj  =«iloge^  between  d  and  e.     We  complete  the  diagram  by  drawing  bf  And 

df,  establishing  the  point  of  intersection  which  determines  the  temperature  at  /. 
We  find  7>:  TtiiTa :  T^.    The  efficiency  is  equal  to    ^^^  ,  or  to 


neb/N 
[nebx  +  xb/N  —  ydfN'  —  n€</y]  -j-  [nebx  +  xb/N"} 

the  negative  sign  of  the  specific  heat  s^  being  disregarded. 


252.  Lorenz  Cycle.  In  Fig.  97  let  dg  and  bh  be  adiabatics,  and  let  the  curves 
gb  and  dh  be  polytropics,  but  unlike,  the  former  having  the  exponent  n,  and  the 
latter  the  exponent  q.    This  constitutes  the  cycle  of  Lorenz,    We  find  the  tempera- 


Fio.  97.    Arts.  252,  25G,  Prob.  6.— 
Lorenz  Cycle. 


~T 


■H 


Fio.  98.    Arts.  252,  256.— Lorenz  Cycle, 
Entropy  Diagram. 


ture  at  ^  as  in  Art.  251,  and  in  the  manner  just  described  plot  the  curves  gb  and 
dh  on  the  entropy  diagram,  Fig.  98,  Pgy  Pt,  T^y  Td,  n  and  q  being  given,  dg  and 
bh  of  course  appear  as  vertical  straight  lines.     The  efficiency  is 

sn{n-  Tg)  -5,(7\~  Td) 

Sn{n-Tg) 

253.  Reitlinger  Cycle.  This  appears  as  aicjj  Figs.  99  and  100.  It  is  bounded 
by  two  isothermals  and  two  like  polytropics  (isodiabatics).  The  Camot  is  a  special 
example  of  this  type  of  cycle.  To  plot  the  entropy  diagram,  Fig.  100,  we  assume 
the  ratio  of  pressures  or  of  volumes  along  at  or  cj.    Let  Va  and  F|  be  given.    Then 

the  gain  of  entropy  from  a  to  i  is  yPaVa  log«T^  j  -i-T.    The  curves  ic  and  cy  are 


JOULE  AIR  ENGrNE 


plotted  for  the  given  value  of  the  exponent  n.     This  is  sometimes  called  the  Uodia- 
baiic  cyde.     Its  efficiency  ia 

-which  nisj  be  eipsaded  as  in  Arte.  251,  252. 


_ 


Via.  100.     Arts.  2S3.  290,  2ST,  £58, 
259.  — Reitliuger  Cycle,  Eotrop; 

254.  Joule  Engine.  An  air  engioe  proposed  by  Ericsson  as  early  aa 
1833,  and  revived  by  Joule  and  Kelvin  in  1851,  is  shown  in  Fig.  101.  A 
chamber  C  contains  air  kept  at  a  low  temperature  t  by  means  of  circulating 
water.  Another  chamber  A  contains  hot  air  in  a  state  of  compression, 
the  heat  being  supplied  at  a  constant  temperature  T  by  means  of  an  ex- 
ternal furnace  (not  shown).     J/ is  a  pump  cylinder  by  means  of  which  air 


Engiae. 


may  be  delivered  from  C  to  j4,  and  N  is  an  engine  cylinder  in  which  air 
from  A  may  be  expanded  so  as  to  perform  work.  The  chambers  A  and  0 
are  so  large  in  proportion  to  Jfand  JVthat  the  pressure  of  the  air  in  these 
chambers  remains  practically  constant. 
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The  pump  M  takes  air  from  C,  compresses  it  adiabatically,  TxniSX  its 
pressure  equals  that  in  A,  then,  the  valve  v  being  opened,  delivers  it  to  A 
at  constant  pressure.  The  cycle 
is  fdoe,  Fig.  102.  In  this  special 
modification  of  the  polytropio 
rycle  of  Art.  251,  fd  represents 
the  drawing  in  of  the  air  at  con- 
stant pressure,  do  its  adialiatio 
compression,  and  oe  its  discharge 
to  A.  Negative  work  is  done, 
equal  to  the  area  fdoe.  Concur- 
rently with  this  operation,  hot 
air  has  been  flowing  from  Aio  N^ 
through  the  valve  u,  then  espand- 


\ 

\ 

v"-- 

\ 

\ 

x\„ 

\, 

^^-., 

Fiu.  102,     Arts.  2M,2SS,2BB.— Joule  Cycle. 


iug  adiabatically  while  it  is  closed;  Anally,  when  the  pressure  has  fallen 
to  that  iu  C,  being  discharged  tu  the  latter  chamber,  the  cycle  being  ehqf. 
Fig.  102.  Punilh-e  work  lias  been  done,  and  the  vet  positive  work  per- 
formed by  the  whole  apparatus  is  eb'jf  —  fdoe  =  obqd. 


255.  Efficiency  of  Joule  Engine.  We  will  limit  our  attention  to  the  net 
cycle  obqd.  The  heat  absorbed  along  the  constant  pressure  line  ob  is 
II^  =  k{T—  T;).     The   heat  rejected  along  qd  is    //,,,  =  *■( 7",  -  I)-     But 

T     T  r  —  (     ( 

from  Art  251,  y  =  -jf  ■  whence,  n,^™  =  -j, ,  and  the  efficiency  is 


-£- 


This  is  obviously  less  than  the 
efficiency  of  the  Carnot  cycle 
between  T  and  (.  The  entropy 
dii^ram  may  be  readily  drawn 
as  iu  Fig.  103.  The  atmos- 
phere may  of  course  take  the 
place  of  the  cold  chamber  C, 
a  fresh  supply  being  drawn  in 
by  the  pump  at  each  stroke,  and 
the  engine  cylinder  likewise 
discharging  its  contents  to  the 
atmosphere.  The  ratio /d  +fq, 
in  Fig.  102,  shows  the  necessary  ratio  of  volumes  of  pnmp  cylinder  and 
engine  cylinder.  The  need  of  a  large  pump  cylinder  would  be  a  serious 
drawback  in  practice ;  it  would  make  the  engine  bulky  and  expensive,  and 


,  Entropy 


REGENERATOR 


would  lead  to  an  excessive  amount  of  i 
engiiw  has  never  been  constructed. 


lechanical  friction.     The  Joule 


S56.  Comparisons.  The  cycles  just  described  Iiave  been  grouped 
in  a  single  illustration  in  Fig.  1(M.  Here  we  hiive,  between  the 
temperature  limits  T  and  t,  the  Camot  cycle,  ahcd;  the  polytropie 
cycle,  dehf;    the    Lorenz 

cycle,  dgbh ;  that  of  Reit- 

linger,  ai<y%  and  that  of 

JouU,  obqd.  These  illus- 
trations  are  lettered    to 

correspond     with     Figs. 

96-100,    102,    108.       A 

grsphical  demonstration 

that  the  Camot  cycle  is 

the     one     of     maximum 

efficiency  suggests  itself. 

We    now    consider    the 

most   snccessful  attempt 

yet  made  to  evolve  a  cycle 

having  a  potential  effi- 
ciency equal  to  that  of 

Camot. 

257.  Regenerators. 
By  reference  to  Fig.  100, 
it  may  be  noted  that  the 
heat  areas  under  <^  and 
ic  are  equal.  The  heat 
absorbed  along  the  one 
path  is  precisely  equal  to 
that  rejected  along  the 
other.  This  fact  does 
not  prevent  the  efficiency 
from  being  less  than  that 
of  the  Caroot  cycle,  for 
efficiency  is  the  quotient 
of  work  done  by  the  groat 
heat  absorption.  If,  however,  the  heat  under  ie  were  absorbed 
not  from  the  working  substance,  and  that  under  ja  were  rejected 


Fio.  VM.    Arls,  256,  268.— Hot-air  (.yili 
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not  to  the  condenser ;  but  if  some  intermediate  hodif  existed  haying  a 
storage  capacity  for  heat,  sncli  tliat  the  heat  rejected  to  it  along  ja 
could  bo  afterward  taken  n^from  it  jiloug  ie,  theu  we  might  ignore 
this  quantity  of  heat  as  affecting  the  expression  for  efficiencv,  and  the 
cycle  would  be  as  efficient  as  that  of  Carnot.  The  inlermedvite  bodtf 
suggested  is  called  a  regenerator. 


258.  Action  of  Hegenerators.  Invented  hy  Robert  Stirling  about  1816,  and 
improved  by  Jainea  Stirling,  Ericsson,  iind  Siemens,  the  present  form  of  regener- 
ator may  be  regarded  as  a  long  pipe,  the  walk  of  which  have  so  largt*  a  capacity 
for  heat  that  the  temperature  al  ang  point  remains  practically  I'onslant.  Through 
thifl  pipe  the  air  flows  in  one  diiectlon  when  working  along  «■,  Fig.  100,  and 
id  the  other  direction  while  working  along  ja.  The  air  encounters  a  gradually 
changing  tein[ierature  an  it  traverser  the  pi|>e. 

Let  hot  cxbaust  air,  at  t,  Fig.  1(H),  be  delivered  at  one  end  of  the  regeueratnr. 
Its  temperature  begins  to  fall,  and  continues  tailing,  so  that  when  it  leaves  the 
regenerator  ita  temperature  is  that  at  c,  usually  the  temperature  of  the  atmosphere. 
The  temperature  at  the  inlet  end  of  the  regeuei'ator  is  then  T,  that  at  its  outlet  t. 
During  the  admi.ssion  of  fresh  air,  along^'n,  it  passes  through  the  regenerator  iti 
the  opposite  direction,  gradually  increasing  iu  temperature  from  I  to  T,  without 
appreciably  abiding  the  temperaliire  of  the  regenernior.  ABsiiming  the  capacity  of 
the  regenerator  to  be  unlimited,  and  that  there  are  no  losses  by  conduction  of  heat 
to  the  atmosphere  or  along  the  material  of  the  regenerator  itself,  the  process  is 
strictly  reeenible.  We  may  cause  either  the  volume  or  the  pressure  to  be  either 
fixed  or  variable  according  to  some  ilefinite  law,  during  the  regenerative  move- 
ment.    Usually,  either  the  pressure  or  the  volutne  is  kept  CHitlani. 

As  actually  constructed,  tlie  regenerator  consists  of  a  mass  of  thin  perforated 
metal  sheets,  so  arranged  as  not  to  obstruct  the  flow  of  air.  Some  waste  of  heal 
always  accompanies  the  regenerative  process;  in  the  steamer  Ericaon,  it  was  10 
per  cent  of  the  total  heat  passing  through.  Siemens  appears  to  have  reduced  tha 
loss  to  5  per  cent. 

269.  Influence  on  Efficiency.  Any  cycle  bounded  liy  ,i  pair  of 
isothormals  and  a  pair  of  like  polytropics  (Reitlinger  cycle),  if  worked 
with  a  regenerator,  has  an  efficiency  ideally  equal  to  that  of  the 
Camot  cycle.  To  be  sure,  tlie  heated  air  is  not  all  isken  in  at  T, 
nor  all  rejected  at  t;  but  (he  heat  absorlx-d  from  the  source  is  all 
at  T,  and  that  rejected  to  the  condenser  is  all  iit  L  The  regenerative 
operations  are  mutually  com pi'nsa ting  chitrigrs  which  do  not  affect 
the  general  principle  of  efficiency  under  such  cotiditions.  The  Iicat 
paid  for  is  only  that  under  the  line  ai,  Fig.  100.  The  regenerator 
thus  makes  the  efficiency  of  Oie  Camot  cycle  obtainable  by  actual  heal 
engines. 
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As  will  Appear,  the  cycles  in  which  a  regenerator  is  commonly  employed  i 
not  otherwise  particularly  efficient.  Their  chii-t  adiantaj^  m  in  the  large  wo 
arc*  obtainedi  which  means  increiixtd  cnpacit/i  of  on  enginf  of  given  diiuensioi 
For  higbeat  efficiency,  the  regcDerator  muat  be  iidded. 


360.  Tl»  Stirling  Engine.  This  important  type  of  regenerative  air  engine 
was  coveted  by  pat^>nts  daied  1S:^7  and  184U,  bv  Kobert  and  James  Stirling.  lie 
action  13  illustrated  in  Fig.  1U5.  G  is  the  engine 
cylinder,  cantaining  tile  jiiston  //,  and  receiving 
beiited  air  through  the  pipe  F  from  the  vessel  .4.1 
ID  which  the  air  is  alternately  heated  and  cooled. 
The  Tewel  AA  is  made  with  hollow  walls,  the  inner 
liniDg  being  marked  aa.  The  hemispherical  lu«er 
|>ortion  of  the  lining  ia  perforated;  while  from  A.i 
up  ta  CC  the  hollow  space  ronstilutea  the  regener- 
ator, heing  filled  with  strips  of  metal  or  glass.  The 
plunger  jE  fits  loosely  in  the  machined  inner  shell 
aa.  This  plunger  is  hollow  and  filled  with  wmuu 
noa-conducting  material.  The  spaces  DD  contain 
tfae  condenser,  consisting  of  a  coil  of  small  cop|i»r 
pip«i,  llirough  which  water  is  circulated  by  a  sepa- 
r»t«  pump.  An  air  pump  discharges  into  the  pijie 
^the  neceisaiy  quantity  of  fresh  air  to  compensate  _ 
for  any  leakage,  and  this  is  utilized  in  some  cnses  203 
to  maintain  a  preiiure  which  is  at  all  stages  con- 
tiderablg  obare  thai  of  the  almotpkcre.  The  furnace  i 
ABA  of  the  heating  vessel. 


;  built  about  the  bottom 


»SI61.  Action  of  the  Engine.  Let  the  plunger  E  and  the  piston  ff  be  in  their 
l^DWest  |)osition»,  the  air  above  E  being  cold.  The  plunger  E  is  raised,  causing 
^r  to  flow  from  .V  downward  through  the  regenerator  to  the  space  6,  while  H 
temalns  motionless.  The  air  takes  up  hent  from  the  regenerator,  increaang  it» 
Umptrrtlure,  say  to  T,  ichile  the  volume  remains  conslanl.  After  the  plunger  has  coma 
to  rest,  the  piston  H  is  caused  to  rise  liy  the  e^/nniion  produced  by  the  absorption 
of  bBAt  from  the  furnace  nt  eonMant  temperature,  the  air  reaching  H  by  passing 
around  the  luose-fitting  plunger  E,  which  remains  stationary,  H  now  pauses  in 
its  "  up"  position,  while  E  is  lowered,  forcing  air  through  the  regenerator  from 
the  lower  space  b  to  the  upper  space  A',  this  atr  itecreanng  m  lem/ieralure  at  con- 

II  volHine.     While  E  remains  in  its  "  down  "  position.  H  descends,  forcing  the 
to  ths  condenser  D,  the  i-olume  deereaniHi),  but  tlie  temperature  remaining  co'i- 
t  at  I.    The  cycle  is  thus  completed. 
Tt 
,r. 
ipr 


The  working  air  has  tmilergone  four  changes:  fa)  increase  of  pressure 
i  temperature  at  constjiut  volume,  (b)  expansion  at  constant  tempera- 

,  (i-)  a  fall  of  pressure  and  temperature  at  constant  voliime,  and  (rf) 
rnpression  at  constant  temperature. 
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262.  RemBiIca.    With  action  an  dPHcril«<!,  the  piston  n  and  the  plunger  E 

(someiiiiiPS  called  the  "displaoer  piatou")  do  not  move  at  the  same  limn;  one  is 
alwaya  nearly  stationary,  at  or  near  the  end  oi  ite  stroke,  while  the  other  moves. 
In  practice,  uniform  rotative  speed  is  secured  by  modifying  these  cunditioos,  aa 
that  (he  actual  cycle  lacrety  approximates  that  dcscrilieil.  The  vessel  ^--t  is 
BODietiniea  referred  In  as  the  "receiver."  It  is  obvious  that  a  certain  residual 
quantity  of  air  is  at  all  times  contained  in  the  spaces  between  the  piston  H  and 
the  plunger  E.  This  does  not  pass  through  the  regenerator,  nor  is  it  at  any  time 
subjected  to  tlie  lieat  of  the  furnace.  It  serves  merely  as  a  medium  for  transmit- 
ting pressure  from  the  "working  air"  to  //;  and  in  coutradistinction  to  Ihnt 
working  substance,  it  is  called  "  cushion  air."  Being  at  all  times  iik  communicit- 
tion  with  the  condenser,  ill  lemperalure  ■>  conslanlly  close  tn  the  minimuTn  allained  in 
the  cycle.    This  ia  an  important  point  in  (acilitatiug  lubrication. 

263.  Fotms  of  the  Stirling  Engine.  In  some  types,  a  separate  pipe  is  carried 
from  the  lower  part  of  the  receiver  to  the  workiiig  cylinder  G,  Fig.  105.  Thia 
removes  the  necessity  for  a  loost^fittiiig  plunger;  in  double-acting  engines,  each 
end  of  the  cylinder  is  connected  with  the  hot  (lower)  side  of  the  one  plunger  and 
with  tile  cold  (upper)  aide  of  the  other.  In  other  forms,  the  regenerator  has  been 
a  separate  Teasel ;  in  still  others,  the  displacer  plunger  itself  became  the  regen- 
erator, being  perforated  at  the  top  and  liottora  and  Riled  with  wire  gauze.  Tho 
Laubereau-ScliwartzkopfE  engine  (1)  is  identical  in  principle  with  the  Stirling, 
excepting  that  the  regenerator  ia  omitted. 

The  maintenance  of  high  minimum  pressure,  aa  described  in  Art.  260,  and  the 
low  ratio  of  maximum  to  average  pressure,  while  not  necessarily  affecting  the  theo- 
retical efficiency,  greatly  increase  the  capacity,  and  (since  friction  losses  are  practi- 
cally constant)  'he  mechanical  efficiency  as  well. 


.    \ 

T^=i: 
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\ 

"^■\ 

o\^=-— 

Fiti.  lOfl.     Arts.  •Ha,  315,  2bT.  — Stlrllug  Cyi!io. 

264.    Pressure-Volume  Dlt^am.     The  cycle  of  operations  des 
Art.  261  is  that  of  Fifj.  lOf!,  AJiCD.     Considering  the  cushion  air,  the 
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actual  diagram  which  would  be  obtained  by  measuring  the  pressures  and 
volumes  is  quite  different.  Assume,  for  example,  that  the  total  volume 
of  cushion  air  at  maximum  pressure  (when  E  is  at  the  top  of  its  stroke 
and  H  is  just  beginning  to  move)  is  represented  by  the  distance  NE. 
Then  if  AI  be  laid  off  equal  to  NE,  the  total  volume  of  air  present  is  NL 
Draw  an  isothermal  EFHO,  representing  the  path  of  the  cushion  air,  sep- 
arately considered,  while  the  temperature  remains  constant.  Add  its  vol- 
umes, PF,  ZHf  QGy  to  those  of  working  air,  by  laying  off  BK=  PF, 
DM=ZH,  CL=QGy  at  various  points  along  the  stroke.  Then  the 
cycle  IKLM  is  that  actually  experienced  by  the  total  air,  assuming  the 
cushion  air  to  remain  at  constant  temperature  throughout  (Art.  262). 

The  actual  indicator  diag^ms  obtained  in  tests  are  roughly  similar  to  the 
cycle  IKLMj  Fig.  106;  but  the  corners  are  rounded,  and  other  distortions  may 
appear  on  account  of  non-conformity  with  the  ideal  paths,  sluggish  valve  action, 
errors  of  the  indicating  instrument,  and  various  other  causes. 


265.  Effidency.     The  heat  absorbed  from  the  source  along  AB,  Fig. 

106,   is   P^T^loge— ?•      That    rejected    to    the   condenser  along    CD  is 

V 
-PpF'plog.—r*     The  work  done  is  the  difference  of  these  two  quantities, 

and  the  efficiency  is 


p  V  \o^  y'* 

■■   -4  ^  A  *"o«    |r 
'   A 


P  V  lo'^'  -  ^ 
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PaVAo^. 
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that  of  the  Camot  cycle.     Losses  through  the  regenerator  and  by  imper 
fection  of  cycle  reduce  this  in  prac- 
tice. 


B 


H 

Fio.   108.      Art.  266.  — Stirling  Cycle, 
Entropy  Diagram. 


-N 


266.  Entropy  Diagram.  This  is 
given  in  Fig.  108.  T  and  t  are  the 
limiting  isothermals,  DA  and  BC 
the  constant  volume  curves,  along 
each  of  which  the  increase  of  en- 
tropy is  n  =  Z  log.(jr-«- 1),  I  being  the 
specific  heat  at  constant  volume. 
The  gain  of  entropy  along  the  iso- 
thermals is  obtained  as  in  Art.  253.  Ignoring  the  heat  areas  EDAF  and 
OCBH,  the  efficiency  is  ABCD^FABH,  that  of  the  Carnot  cycle.  The 
Stirling  cycle  appears  in  the  PF  diagram  of  Fig.  104  as  dkbl 
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367.   Importsnce  of  the  Regenerator.    Without  the  regenerator,  the  Don- 
reversible  Stirling  cycle  would  have  an  efficiency  of 


rresponding  Camot 
1  the  utilization  of 


This  is  readily  computed  to  be  far  below  that  of  the  c 
cycle.  The  advantage  of  the  regenerative  cycle  liea 
the  heat  rejected  along  BC,  Fig.  106,  thus  cancelling  that  item 
analysis  of  the  cycle.  Another  way  of  utilizing  this  heat  is  to  be 
described;  but  while  practical  difficulties,  probably  insurmountable,  limit 
progress  iii  the  ajiplication  of  the  air  engine  on  a  commercid  scale,  tlia 
regenerator,  upon  which  has  been  founded  our  modern  metallurgical  in- 
dustries as  well,  has  offered  the  first  possible  method  for  the  realization 
of  the  ideal  efHciency  of  Caniot  (2), 

268.  Trials.  Aa  early  as  1S47,  a,  50-hp.  Stirling  engine,  ienieA  at  the  Dui 
dee  E'ouii dries,  was  shown  to  oiierate  at  a  thermal  efficiency  of  .tO  |>er  cetil,  esl 
mated  to  lie  equivalent,  coDsideriog  the  rather  low  furnace  efficiency,  to  a  coal  coo- 
Bumptioti  of  l.T  lb.  per  hp.-hr.  This  latter  result  is  not  often  surpasseil  by  the  aver- 
age stuam  engiues  of  the  present  day.  The  friction  losses  in  the  mechanism  wer* 
only  11  per  cent  (.1).  A  test  quoted  by  Peahotly  (4)  gives  a  coal  rate  of  1.66  lb. 
hut  with  a  friction  loss  much  greater,^ about  SO  per  cent.  There  is  no  questioit 
OS  to  the  high  efficiency  of  the  regenerative  air  engine. 

269.  Ericsson's  Hot-air  Engine.  In  1S3-1,  EricsBon  constructed  an  unanooes^ 
ful  Iiot-iiir  engine  in  London.  .41iont  IS.'i.),  he  built  the  steamer  Erienann.  of  3300 
tons,  driven  by  four  immense  hot-nir  engines.  After  the  abandonment  of  thi> 
experiment,  the  same  designer  in  1S75  introduced  a  third  type  of  engine,  ai 
recently  still,  a  small  pumping  engine,  which  has  been  extensively  applied. 

The  principle  of  the  engine  of 
IS55  is  illustrated  in  Fig.  109.  B  ii: 
the  receiver,  A  the  displacer,  H  tli«; 
furnace.  The  displacer  A  fits  loosely 
in  £i;xcepling  near  its  upper  portion, 
where  tight  contact  is  insured  by 
means  of  packing  rings.  The  lower 
portion  of  A  is  hollow,  and  filled 
witli  a  non-conductor.  The  holw 
aa  admit  air  to  the  upper  surfacS 
of  A,  D  is  the  com|iressiDg  pump^ 
with  piston  C,  which  is  connected 
with  A  by  the  rods  il'l.  &  is  a  pi»- 
ton  rod  through  which  the  de- 
externally  applied.  Air  enters  the  space  above  C  through 
and  is  compressed  during  the  up  stroke  into  the  niaguzi 


veloped   power    i 
the  check  valve  c 
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Fio.  110.     Arts.  270,  272,  273.— 
Ericsson  Cycle. 


tbroagh  the  second  check  valve  e.     O  is  the  regenerator,  made  up  of  wire  gauze. 

The  control  valves,  worked  from  the  engine  mechanism,  are  at  b  and  /.     When 

3 is  opened,  air  passes  from  F  through  G  to  B,  raising  A.     Closing  of  b  at  part 

oompletion  of  the  stroke  causes  the  air  to  work  expansively  for  the  i*emainder  of 

the  stroke.    During  the  return  stroke  of  .4,  air  passes  through  (7,  /,  and  g  to  the 

atmosphere. 

270.  Gnphical  niustration.  The  PV  diagram  is  given  in  Fig.  110.  EBCF 
is  the  network  diagram,  A  BCD  being  the  diagram  of  the  engine  cylinder,  AEFD 
that  of  the  pump  cylinder.  Beginning  with  A  in  its  lowest  ix)sitioii,  the  state  point 
in  Fig.  110  is,  for  the  engine  (lower  side  of  A  ),  at 
A 9  aad  for  the  pump  (upper  side  of  C),  at  F. 
Daring  about  half  the  up  stroke,  the  path  in  the 
engine  is  AB^  air  passing  to  B  from  the  re- 
generator through  5,  and  being  kept  at  constant 
pressnre  by  the  heat  from  the  furnace.  During 
the  second  half  of  this  stroke,  the  supply  of  air 
from  the  regenerator  ceases,  and  the  pressure  falls 
rapidly  as  expansion  occurs,  but  the  heat  im- 
parted from  the  furnace  keeps  the  temperature 
practically  constant,  giving  the  isothermal  path 
BC.    Meanwhile,  the  pump,  receiving  air  at  the 

pressure  of  the  atmosphere,  has  been  first  compressing  it  isothermally,  or  as 
nearly  so  as  the  limited  amount  of  cooling  surface  will  permit,  along  FE,  and 
then  discharging  it  tlirough  e  at  constant  pressure,  along  EA,  to  t)ic  receiver  F. 
On  the  down  stroke,  the  engine  steadily  expels  the  air,  now  expanded  down  to 
atmospheric  pressure,  along  the  constant  pressure  line  CA  while  the  pump  simi- 
larly draws  in  air  from  the  atmosphere  at  constant  pressure  along  DF.  At  the  end 
of  this  stroke,  the  air  in  F,  at  the  state  J,  is  admitted  to  the  engine.    The  ratio  of 

pamp  volume  to  engine  volume  is  FD  -r-  DC,  or  —  • 

271.  Efficiency.  The  Ericsson  cycle  be- 
longs to  the  same  class  as  that  of  Stirling, 
being  bounded  by  two  isothermals  and  two 
like  poly  tropics ;  but  the  poly  tropics  are  in 
this  case  constant  pressure  lines  instead  of 
constant  volume  lines.  The  net  entropy 
diagram  EBCF,  Fig.  Ill,  is  similar  to  that 
of  the  Stirling  engine,  but  the  isodiabaties 
swerve  more  to  the  right,  since  k  exceeds  I, 

while  the  efficiency  (if  a  regenerator  is  employed)  is  the  same  as  that 

T-t 
of  the  Stirling  engine,  —f-- 

272.  Tests.  As  computed  by  Rankine  from  Xorton\^  ti\sts.  th-  effi- 
ciency of  the  steamer  Ericsson's  engines  was  26.3  per  cent ;  the  efficiency 
of  the  furnace  was,  however,  only  40  per  cent.  The  average  efTecti  ve  pres- 


-N 


Fio.  111.  Art.  271.— Ericsson  Cycle, 
Eotropy  Diagram. 
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sure  {EBCF-t-  XC,  Fig.  110)  was  only  2.12  lb.  The  friction  leases  were 
enormouD.  A  small  engine  of  this  type  tested  by  the  writer  gave  a  con- 
sumption of  15.64  cu.  ft.  of  gas  (052  B.  t.  u.  per  cubic  foot)  per  Ihp.-hr. ; 
equivalent  to  170  B.  t.  u,  per  Ihp.-minute;  and  since  1  horse  power 
=  33.000  foot-pounds  =33,000  ^778  =  42.45  B.  t.  u,  per  minute,  the 
thermoJytiainic  efficiency  of  the  engine  was  42.45-1-170  =  0.25. 

273.  Actual  Designs.  Id  order  that  the  lines  FC  and  EB,  Fig.  110,  mhy  be 
horixontsl.  the  engiue  nhould  be  triple  or  quadmpU,  as  in  the  steamer  Erietaon,  in 
which  each  of  tlie  four  cylinders  had  ita  own  coniprtasing  pump,  but  all  were  con- 
nected with  the  aame  receiver,  and  with  a  single  crank  shaft  at  intervals  of  a 
quarter  of  :i  I'tvulntioa.     Specltnen  indicator  diagrams  are  given  in  Figs.  107, 112. 


C'nrd  from  Erk-Ei 


DiaErun,  ErJCHSan 


274.  Testing  Hot-air  EnEiaes.  It  is  difficult  to  direetly  and  accurately  meas- 
ure the  limiting  temperatures  in  an  air  engine  test,  so  that  a  comparison  of  the 
nctiially  attained  with  the  compiit4.'d  ideal  eflicienves  cnniiot  ordinarily  be  mode. 
Actual  testa  involve  the  measurement  of  the  fuel  supplied,  determination  of  ita 
heating  value,  and  of  the  indicated  and  effective  horse  power  of  the  engine 
(Art.  487).  Tiiese  data  permit  of  computation  of  the  thermal  and  mechanical 
efficiencies,  the  latter  being  of  much  importance.  In  small  units,  it  is  sometimes 
as  low  as  0.50. 

275.  The  Air  Bnglne  aa  a  Heat  Motor.  In  nearly  every  large  application,  the 
hiil-air  engine  has  been  abandoned  on  account  of  the  rapid  burning  out  of  the 
heating  surfaces  due  to  their  necessarily  high  tem[ierature.  Ntipier  and  Ranl:ine 
(3)  proposed  an  "  air  heater,"  designed  to  increnae  the  trausmissive  efficiency  of 
the  heating  surface.  Modern  forms  of  the  Stirling  or  Ericsson  engines,  intiuall 
uniln,  are  comparatively  free  from  this  ground  of  objection.  Their  design  permits 
of  such  amounts  of  lieat- transmitting  surface  as  to  give  grounds  for  expecting  a 
much  less  rapid  destruction  of  these  parts.  It  has  been  suggested  that  excensive 
bulk  may  be  overcome  by  using  higher  pressures.  (Zeuner  remarks  (II)  that  the 
bulk  is  not  excessive  when  compared  with  that  of  a  steam  engine  with  its  auxiliary 
boiler  and  furnace).  Kankine  has  suggested  the  introduction  of  a  second  torn- 
pressed  air  receiver,  in  Fig.  109,  from  winch  the  supply  of  air  would  be  drawn 
through  c,  and  to  which  air  would  be  discliiirged  tlirough/  Thia  would  make  the 
engine  a  '■  closed  "  engine,  in  which  the  minimum  pressure  could  be  kept  fairly 
high ;  a  small  air  pump  would  be  required  to  compensate  for  leakage.  A  "  ©on- 
denser  "would  be  needed  to  supplement  the  action  of  the  regeneraWr  by  more 
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thoToaghly  cooliog  the  discharged  air,  else  the  introduction  of  *^  back  pressure  " 
would  reduce  the  working  range  of  temperatures.  The  loss  of  the  air  by  leakage, 
and  consequent  waste  of  power,  would  of  course  increase  with  increasing  pressures. 
Instead  of  applying  heat  externally,  as  proposed  by  Joule,  in  the  engine  shown 
in  Fig.  101,  there  is  no  reason  why  the  combustion  of  the  fuel  might  not  proceed 
within  the  hot  chamber  itself,  the  necessary  air  for  combustion  being  supplied  by 
the  pump.  The  difficulties  arising  from  the  slow  transmission  of  heat  would  thus 
be  avoided.  An  early  example  of  such  an  engine  applied  in  actual  practice  was 
Cayley's  (7),  later  revived  by  Wenham  (8)  and  Buckett  (9).  In  such  engines, 
the  working  fluid,  upon  the  completion  of  its  cycle,  is  discharged  to  the  atmos> 
phere.  The  lower  limit  of  pressure  is  therefore  somewhat  high,  and  for  efficiency 
the  necessary  wide  range  of  temperatures  involves  a  high  initial  pressure  in  the 
cylinder.  The  internal  combustion  air  engine  even  in  these  crude  forms  may  be 
regarded  as  the  forerunner  of  the  modern  gas  engine. 

(1)  Zeuner,  Technical  Thermodynamics  (Klein),  1907,  I,  340.  (2)  The  theoreti- 
cal basis  of  regenerator  design  appears  to  have  been  treated  solely  by  Zeuner,  op.  cit. , 
I,  314-323.  (3)  Rankine,  The  Steam  Engine,  1897,  368.  (4)  Thermodynamics  of  the 
Steam  Engine,  1907,  802.  (5)  The  Steam  Engine,  1897,  370.  (0)  Op.  cit.,  I,  381. 
(7)  Nicholson's  Art  Journal,  1807;  Min.  Proc.  Inst.  C.  E.,  IX.  (8)  Proc,  Inst. 
Mech.  Eng.y  1873.  (9)  Inst.  Civ,  Eng.,  Heat  Lectures,  1883-1884  ;  Min.  Proc.  Inst, 
a  E,,  1845, 1864. 


SYNOPSIS  OF   CHAPTER   X 

The  hot-air  engine  proper  is  an  external  combustion  motor  of  the  open  or  closed  type. 
The  temperature  of  a  permanent  gas  may  be  varied  independently  of  the  pressure ;  this 
makes  the  possible  efficiency  higher  than  that  attainable  in  vapor  engines. 

S.488 

;  the  Carnot  cycle  leads  to  either  excessive  pressures  or  an  enormous 


{f)=(f)^ 


cylinder. 
The  polytropic  cycle  is  bounded  by  two  pairs  of  isodiabatics. 

The  Lorem  cycle  is  bounded  by  a  pair  of  adiabatics  and  a  pair  of  unlike  j)o1ytropics. 
The  Beitlinger  (isodiabatic)  cycle  is  bounded  by  a  pair  of  isothermals  and  a  pair  of 

isodiabatics. 
The  Jotile  engine  works  in  a  cycle  bounded  by  two  constant  pressure  lines  and  two 

adiabatics ;  its  efficiency  is  ^ — -. 

The  regenerator  is  a  "fly  wheel  for  heat.'*  Any  cycle  bounded  by  a  pair  of  iso- 
thermals and  a  pair  of  like  poly  tropics,  if  worked  with  a  regenerator,  has  an  ideal 
efficiency  equal  to  that  of  the  Carnot  cycle ,'  the  heat  rejected  along  one  polytropic 
is  absorbed  by  the  regenerator,  which  in  turn  emits  it  along  the  other  polytropic, 
the  operation  being  subject  to  slight  losses  in  practice. 

The  Stirling  cycle,  bounded  by  a  pair  of  isothermals  and  a  pair  of  constant  volume 
carves :  correction  of  the  ideal  PK  diagram  for  cushion  air :  comparison  with  indi- 
cator card ;  the  entropy  diagram  ;  efficiency  formulas  with  and  without  the  regen- 
erator ;  coal  consumption,  1.7  lb.  per  hp.-hr. 

The  Ericsson  cycle,  bounded  by  a  pair  of  isothermals  and  a  pair  of  constant  pressure 
carves :  efficiency  from  fuel  to  power,  ^6  per  cent. 
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1  pressure  maj  be  raised  and  llie  I 


By  designing  us  "closed"'  engines,  the   i 

capacity  of  tlie  cylluder  increased. 
Tbe  air  ciiglnci  ia  iiiiKatiitfaciory  in  Inrge  sizes  on  sccoimt  of  the  rapid  burning  oat  of  I 

the  Leatiug  surfaces  aud  tbe  small  capacity  for  a  given  bulk. 


PROBLEMS 

(Norg.  Conslderahle  accnracy  In  compulatiou  wil!  be  found  necessary  In  solving  Prob- 
lems 4  a  jind  5). 

I,  How  much  greater  Is  tlie  ideal  efficiency  of  an  a\ 
perature  limits  of  2900°  P.  and  GOO"  F.  than  that  of  the  al 
lem  fi,  Chapter  VI  ? 

8.  Plot  to  scale  (I  iiich  =  2ciu  ft.  =  40  lb.  per  stjuare  inch)  the  PrCamot  cycl» 
lor  J*—  000°,  (  =  600°  (both  absolute)  tbe  lowest  preasure  being  14.7  lb.  per  squara 
inch,  the  substance  being  one  pound  at  air,  and  the  volume  ratio  during  isothermal 
expansion  being  13,  G. 

8.  In  Problem  2,  if  tbe  upper  leotherma]  be  made  700°  absolute,  what  will  be  the 
maximum  pressure  7 

4  a.  Plot  tlie  entropy  diagram,  and  find  the  efficiency,  of  a  iH>lytropio  cycle  for  air 
between  800^  F.  mid  500°  F.,  in  wliitli  m  =  1.3,  n  =  -  1,3,  the  pressure  at  d  (Fig.  St6J 
is  16  lb.  per  square  iucb,  and  the  pressure  at  e  (Fig.  05)  is  22  lb.  per  sqiiare  inch. 

46.    In  Art.  261,  prove  that  T, :  Tt : -.  Tg :  T.,  and  also  that /V:P.::P/:iV 

B,  Plot  tbe  entropy  diagram,  and  And  the  efficiency,  of  a  Lorenz  cycle  tor  air 
between  800°  F.  and  500°  F. ,  in  which  n  =  -  1.3,  q  =  0.4,  tbe  highest  pressure  being 
SO  lb,  per  square  inch  and  tbe  temperature  at  g.  Fig.  QT,  being  560°  F, 

B.  Plot  the  entropy  diagram,  and  find  the  efficiency,  of  a  ReitUnger  cycle  between 
G00°  F.  and  500°  F.,  when  n  =  1.3,  the  maximum  pressure  is  80  lb.  per  square  iticIi,  the 
ratio  of  volumes  during  isotberiual  ei^ansiou  12,  and  tlie  working  substance  ( 
pound  oE  air. 


7.   Show  that  in  tbe  Joule  enpne  the  efficiency  is  ' 


,  Art.  255. 


B.  Wot  the  entropy  diagram,  and  find  the  efficiency,  of  a  Joule  air  engine  worlting 
between  OOO'  F.  and  —  200^  F.,  the  maximum  pruBsure  being  100  lb,  per  square  itich, 
Ilie  ratio  of  volumes  during  adiabatic  expansion  2,  and  the  weight  of  substance  2  lb, 

9.  Plot  PKand  .vrdlaprams  forone  pound  of  sir  worked  between  3000°  F.  and 
400°  F.:  (a)  in  the  Caraot  cycle,  ((.)  hi  the  Ericsson  cycle,  (c)  in  the  Stirling  cycle,  tba 
eitreme  pressure  range  being  from  50  to  2000  tb.  per  siguare  inch. 

10,  Find  the  efficiencies  of  the  various  cycles  in  Problem  fl,  vrithout  regenerators. 

11.  Compare  the  efficiencies  in  Problems  4  a,  C,  and  6,  with  that  of  the  correspond- 
ing Camol  cycle. 

IS,  An  air  engine  cylinder  working  In  the  Stirling  cycle  between  1000°  F.  and 
2000°  F.,  with  a  regenerator,  has  a  volume  of  I  cu.  ft.  The  ratio  of  expansion  ia  3. 
By  what  percentages  will  tbe  capacity  and  efficiency  be  affected  if  tbe  lower  limit  of 
pressure  is  raised  from  14.7  to  S5  lb,  per  square  inch  ? 

IS.  In  the  preceding  problem,  one  eighth  of  the  cylinder  conteuts  Is  ooablon  ^r,  at 
1000°  F.  Plot  tbe  ideal  indicator  diagram  for  the  lower  of  the  two  pressure  limits,  coiv 
rested  for  cushion  air. 
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14.  In  Art  268,  assuming  that  the  coal  used  in  the  Dundee  foundries  contained 
14,000  B.  t.  u.  per  pound,  what  was  tlie  probable  furnace  efficiency  7  In  the  Peabody 
test,  if  the  furnace  efficiency  was  80  per  cent,  and  the  coal  contained  14,000  B.  t.  u., 
what  was  the  thermal  efficiency  of  the  engine  ? 

16.   What  was  the  efficiency  of  the  plant  in  the  steamer  Ericsson  ? 

16.  Sketch  the  TlYand  PT"  diagrams,  within  the  same  temperature  and  entropy 
limits,  of  all  of  the  cycles  discussed  in  this  chapter,  with  the  exception  of  that  of  Joule. 
Why  cannot  the  Joule  and  Ericsson  cycles  be  drawn  between  the  same  limits  ?  Show 
graphically  that  in  no  case  does  the  efficiency  equal  that  of  the  Carnot  cycle. 

17.  Compare  the  cycle  areas  in  Problem  9. 

18.  In  Problem  2,  what  is  the  minimum  possible  range  of  pressures  compatible 
with  a  finite  work  area  ?    Illustrate  graphically. 

19.  Derive  a  definite  formula  for  the  efficiency  of  the  Reitlinger  cycle,  Art.  253. 
20.  Derive  an  expression  for  the  efficiency  of   the  Ericsson  cycle   without    a 

regenerator. 


CHAPTER  XI 


(iAS   POWKR 

The  Gas  Producer 

276.  History.  The  bibliagroph;  (1)  of  internal  combustion  engines  is  exten- 
sive, although  their  com tiiercial  development  is  of  recent  date.  Conl  gas  was  dis- 
tilled as  early  as  16II1-,  the  waste  gases  from  blast  furnaces  were  first  used  for 
heating  in  1409.  The  first  English  patent  for  a  gas  engine  approaching  modem 
form  was  granted  in  1794.  Tlie  ailvantage  of  compression  wss  suggested  as  earljr 
as  1801,  but  was  not  made  the  subject  of  patent  until  1838  in  Rnglaud  and  1801  id 
France.  Lenoir,  in  18(1(1,  built  the  first  prittttical  gus  engine,  which  developed  % 
thermal  efficiency  of  0.04.  The  now  familiar  polytropic  "  Otto"  cycle  was  pri>- 
poaed  by  Beau  de  Rootias  at  about  this  date.  The  same  inventor  called  attention 
to  Uie  necessity  of  high  compression  pressures  in  1863;  a  principle  applied  iu 
practice  by  Otto  iu  1874.  Aleanwhile,  in  1S70,  the  first  oil  engine  had  been  built. 
Tlie  four-cycle  compressive  Otto  "  silent "  engine  was  brought  out  in  1876,  show- 
ing a  thermal  efficiency  o(  0.15,  a  result  better  than  that  then  obtained  in  the  best 
steam  power  plants. 

If  the  isothermal,  isometric,  tsopiestic,  and  adiabaticpathsalone  are  considered, 
there  are  possible  at  least  twenty ^six  different  gas  engine  cycles  (3).  Only  four 
of  these  have  had  extended  development ;  of  these  four,  only  two  have  surrived. 
The  Lenoir  (3)  and  Ilugon  (4)  non-compressive  engines  are  now  represented  onlf 
by  the  Bischolf  (5).  The  Barsanti  "free  piston"  engine,  although  copied  by 
Gilles  and  by  Otto  and  Langen  (1800)  (tt).  is  wholly  obsolete.  The  variable  vol- 
ume engine  of  Atkinson  (7)  was  commercially  unsuccessful. 

Up  to  1885,  illnminating  gas  was  commonly  employed,  only  smalt  engines 
were  constructed,  and  the  high  cost  of  the  gas  prevented  them  from  being  ccm- 
mercially  economical.  Neve I'tbe less,  six  forms  were  exhibited  in  1887.  The 
Prieatman  oil  engine  wa.'!  built  in  18S3.  With  the  advent  of  the  Dowson  process, 
in  1S78,  with  its  possibilities  of  cheap  gas,  advancement  became  rapid.  By  1807, 
a  400-hp.  four^ylinder  engine  was  in  use  on  gas  maile  from  anthracite  coal.  At 
the  present  time,  double-acting  engines  of  5400  hp.  have  been  placed  in  Operation ; 
still  larger  units  have  been  designed,  and  a  few  applications  of  gas  power  have 

Natural  gas  is  now  transmitted  to  a  distance  of  200  miles,  under  300  lb,  pres- 
sure. Illuminating  gas  has  been  pum|>ed  u2  miles.  Martin  (3)  has  computed  th&t 
coal  gas  might  lie  transmitted  from  the  British  coal  fields  to  London  at  a  delivered 
cost  of  15  cents  per  1000  cu.  tt.  Hli  plan  calls  tor  a  25-inch  pipe  line,  at  500  lb. 
initial  presnire  and  250  lb.  t«rniiaal  pressure,  carrying  40,000,000,000  cu.  ft.  of 
162 
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gas  per  year.    The  estimated  46,000  hp.  required  for  compression  would  be  derived 
from  the  waste  heat  of  the  gas  leaving  the  retorts. 

Pcoducer  gas  is  even  more  applicable  to  heating  operations  than  for  power 
production.  It  is  meeting  with  extended  use  in  ceramic  kilns  and  for  ore  roast- 
ing, and  occasionally  even  for  firing  steam  boilers. 

277.  The  Gas  Engine  Method.  The  expression  for  ideal  efficiency, 
(T— 1)-5-  T,  increases  as  T  increases.  In  a  steam  plant,  although  boiler  fur- 
nace temperatures  of  2500®  F.  or  higher  are  common,  the  steam  passes  to 
the  engine,  ordinarily,  at  not  over  350®  F.  This  temperature  expressed  in 
absolute  degrees  limits  steam  engine  efficiency.  To  increase  the  value  of 
Tj  either  very  high  pressure  or  superheat  is  necessary,  and  the  practicable 
amount  of  increase  is  limited  by  considerations  of  mechanical  fitness  to 
withstand  the  imposed  pressures  or  temperatures.  In  the  internal  com- 
bustion engine,  the  working  substance  reaches  a  temperature  approximat- 
ing 3000**  F.  in  the  cylinder.  The  gas  engine  has  therefore  the  same  ad- 
vantage as  the  hot  air  engine,  — a  wide  range  of  temperature.  Its  working 
substance  is,  in  fact,  for  the  most  part  heated  am  The  fuel,  which  may 
be  gaseous,  liquid,  or  even  solid,  is  injected  with  a  proper  amount  of  air, 
and  combustion  occurs  within  the  cylinder.  The  disadvantage  of  the  ordi- 
nary hot  air  engine  has  been  shown  to  arise  from  the  difficulty  of  trans- 
mitting heat  from  the  furnace  to  the  working  substance.  In  this  respect, 
the  gas  engine  has  the  same  advantage  as  the  steam  engine,  —  large  capa- 
city for  its  bulk,  —  for  there  is  no  transmission  of  heat ;  the  cylinder  is 
the  furnace,  and  the  products  of  combustion  constitute  the  working  sub- 
stance. A  high  temperature  of  working  substance  is  thus  possible,  with 
large  work  areas  on  the  pv  diagram,  and  a  rapid  rate  of  heat  propagation. 

In  the  gas  engine,  then,  certain  chemical  changes  which  constitute  the  pro- 
cess described  as  comhuation^  must  be  considered  ;  although  such  changes  are  in  gen- 
eral not  to  be  included  in  the  phenomena  of  engineering  thermodynamics. 

278.  Fuels.  (See  Arts.  561,  561a.)  The  conmaon  fuels  are  gases  or  oils.  In* 
sojQe  sections,  natural  gas  is  available.  This  is  high  in  heating  value,  consisting 
mainly  of  methane,  CH4.  Carbureted  water  gas,  used  for  illumination,  is  nearly  as 
high  in  heating  value,  consisting  of  approximately  equal  volumes  of  hydrogen, 
carbon  monoxide,  and  methane,  with  some  methylene  and  traces  of  other  substances. 
Uncarbureted  (blue)  water  gas  is  almost  wholly  carbon  monoxide  and  hydrogen. 
Its  heating  value  is  less  than  half  that  of  the  carbureted  gas.  Both  water  gas  and 
coal  g;a8  are  uneconomical  for  power  production;  in  the  processes  of  manufacture, 
large  quantities  of  coal  are  left  behind  as  coke.  Coal  gas,  consisting  principally  of 
hydrogen  and  methane,  is  slightly  lower  in  heating  value  than  carbureted  water 
gas.  It  is  made  by  distilling  soft  coal  in  retorts,  about  two  thirds  of  the  weight 
of  ooal  becoming  coke.  Coke  oven  gas  is  practically  the  same  product;  the  main 
output  in  its  case  being  coke,  while  in  the  former  it  is  gas. 

Producer  gas  ("  Dowson  "  gas,  "  Mond  "  gas,  etc.)  is  formed  by  th© 
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partial  combustion  of  coal,  crude  oil,  peat  or  other  material,  in  air. 
It  19  easentially  carbon  monoxide;  diluted  with  largo  quantitiea  ot  nitro- 
gen and  consequently  low  in  heating  value.  Its  exact  composition 
varies  according  to  the  fuel  from  which  it  ia  made,  the  quantity  of  air 
supplied,  etc.  When  soft  coal  ia  used,  or  when  much  steam  is  fed  to 
the  producer,  large  proportions  of  hydrogen  are  present- 
It  ia  of  no  value  as  an  iUuiDioant.  (Blast  famace  gai  is  producer  gaa 
obtained  ns  a  bj-product  on  a  large  scale  in  inelullurgioitl  operatiuna.  It  contains 
less  hydrogeiu  than  ordinary  producer  gasea,  aince  steam  is  not  employed  in  ita 
inaiiufactui-eJaud  ia  generally  quite  variable  in  it«  conipoaition  on  account  of  Iha 
exigencies  of  furnace  operation.  Acetylene,  CjH;,  is  made  by  combining  calcium 
carbide  and  water.  It  has  an  extremely  high  heating  and  illuniiuating  value. 
All  hydrocarbon aceou a  subatanees  may  be  gaaified  liy  heating  in  closed  veaaeU; 
gases  have  in  this  way  been  produced  from  peat,  sawdust,  tan  bark,  wood,  garbage, 
animal  fats,  etc. 

279.  Oil  GasM.  Many  liquid  hydrocarbons  may  he  vaporized  by  appropriate 
metliods,  iiiidev  conditions  whicli  make  tliein  available  for  giis  engine  use.  Some 
of  these  liquids  must  be  vaporized  by  artificial  heat  and  then  immediately  uaed,  or 
they  will  again  liquefy  as  their  temperatureg  tall.  The  vaporizer  or  "carburetor" 
is  therefore  located  at  the  engine,  where  it  atomizes  each  charge  of  fuelas  required. 
Gasoline  is  most  commonly  used ;  its  vapor  has  a  high  heating  value.  Kerosene, 
and,  more  rei;ently,  alcohol,  have  been  employed.  By  jnixing  gasoline  and  air  in 
suitable  pro)iortiona,  a  saturated  or  "cnrbureted"  air  is  produced.  This  acta  aa 
a  true  gas,  and  must  be  mixed  with  more  air  to  permit  of  combustion.  A  gaa 
formed  in  the  proportion  of  1000  cu.  ft.  of  air  to  2  gallons  of  liquid  gasoline,  for 
example,  docs  not  liquefy.  A  thii'd  forjn  of  oil  gas  is  produced  by  heating  certain 
hydrocarbons  without  air;  the  "cracking"  process  produces,  first,  less  dense 
liquids,  and,  finally,  gaseous  bodies,  which  do  not  condense.  The  process  must  ba 
carried  on  in  a  closed  retort,  and  arrangements  must  be  made  for  the  removal  of 
residual  tar  and  coke. 

280.  Liquid  Fuels.  These  have  wlvautages  over  solid  or  gaseous  fuels,  aris- 
ing from  the  usually  large  healing  vnhie  ]>er  imiC  of  bulk,  and  from  ease  of  tran»- 
[lortation.  All  animal  and  vegetable  oils  and  fats  may  be  reduced  to  liquid  fuels; 
those  oils  most  commonly  employed,  however,  are  petroleum  products.  Crude 
petroleum  may  be  used;  it  is  more  customary  to  transform  this  to  "fuel  oil  "  by 
removing  the  moisture,  sulphur,  and  i^ediment;  and  some  of  these  "fuel  oils"  are 
used  ill  gas  engines.  Of  petroleum  distillates,  the  gnsolii-es  are  most  commontj 
utilized  in  this  country.  They  include  an  80°  liquid,  too  dangerous  for  commas 
cial  purposes ;  the  74°  "  benzine,"  and  the  BO"  naphtha.  "  Distillate,"  an  impure 
kei'osene,  from  which  the  gasoline  has  not  been  removed,  is  occasionally  used. 
Both  grain  alcohol  (C^H^O)  am)  wood  alcohol  (CH,0)  have  been  used  in  gas  en- 
gines (0).  Various  distillates  from  brown  and  hard  coal  tars  have  been  employed 
in  Germany.  Their  suitability  for  power  purposes  varies  with  different  types  of 
engines.  The  benzol  derived  from  coal  gaa  tar  has  been  successfully  used;  tho 
brown  coal  series,  C*His,  C„H|.4e,  C,II,._:.  contains  many  useful  memberB  (10). 
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281.  The  Gaa  Producer.  This  essential  auxiliary  of  the  modeni  gas 
«ngine  is  made  iu  a  large  number  of  types,  one  of  which  Is  shown  in  Fig. 
113.  This  is  a  brick-lined  cylindrical  shell,  set  over  a  water-sealed  pit  P, 
on  which  the  ash  bed  rests.  Air  is  forced  in  by  means  of  the  steam  jet 
blower  A,  being  distributed  by  means  of  the  conical  hood  B,  from  which 
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it  passes  up  to  the  red-hot  coal  lied  above.  Here  carbon  dioxide  is  formed 
and  the  steam  decomposes  into  hydrogen  and  oxygen.  Above  this  "com- 
bustion zone"  extends  a  layer  of  coal  less  highly  heated.  The  carbon 
dioxide,  passing  upward,  is  decomposed  to  carlwn  monoxide  and  oxygen. 
The  hot  mixed  gases  now  pass  throujih  tho  fre.shly  fired  coal  at  the  top  of 
the  producer,  causing  the  volatile  hydrocarbons  to  distill  ofE,  the  entire 
product  passing  out  at  C.    The  coal  is  fed  in  through  the  sealed  hopper  D. 
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At  E  are  openings  for  the  bars  used  to  agitate  the  fii'e.     At  F  are  peep- 
holes. 

An  automatic  feeding  device  is  sometimea  used  at  D.  The  air  may 
be  forced  in  by  a  blower,  or  sucked  tlirongh  by  an  exhauster,  or  by  the 
engine  piston  itself,  displacing  the  steam  jet  blower  A.  The  fuel  may 
be  supported  on  a  solid  grate,  or  ou  the  bottom  of  a  producer  without  the 
water  seal;  grates  may  be  either  stationary  or  luechaiiically  operated. 
Mechanical  agitation  may  be  employed  instead  of  the  ]>oker  bars  inserted 
through  E,  Sometimes  water  gas,  foi  illuuii nation,  aud  producer  gas,  for 
power,  are  made  in  the  same  plant.  Two  producers  are  then  employe' 
the  air  blast  being  applied  to  one,  while  steam  is  decomposed  in  the  other. 

Provision  must  be  made  for  purifying  the  gas,  by  deflectors,  wet  and  dry 
scrubbers,  filters,  coolers,  etc.  For  the  removal  of  tar,  wliicb  would  be  seriousty 
objectionable  in  engiDes,  mechanical  separation  and  washing  are  useful,  but  tha 
complete  destruction  of  this  substance  involves  the  poHsing  of  the  gas  through  ■ 
highly  heated  chaml.*!";  this  may  be  a  portion  o(  the  producer  itaelf,  as  in 
"under-feed,"  "mverted  combustion,"  or  "down-draft"  types;  cauwiig  the  trans- 
formation of  the  tar  to  fixed  gaaes.  On  acuomit  of  the  difficulty  of  tar  removal, 
anthracite  coal  or  coke  or  ae mi-bituminous,  non-oaking  coal  must  generally  be  used 
in  |iower  plants.  The  air  supplied  to  the  producer  is  sometimes  preheated  by  the 
seaiible  heat  of  the  waste  gaaes,  in  a  "  recuperator."  The  "  regenerative  "  prin- 
ciple—  heating  the  air  aud  gas  delivered  to  the  engine  by  means  of  the  heat  of 
the  eshaust  gases  —  is  inapplicable,  for  reasons  which  will  appear, 

292.  The  Producer  Plant.  The  ordinary  producer  operates  under  a  slight 
pi'easure;  in  tlie  auction  type,  now  common  in  small  plants,  the  engine  piston 
draws  air  through  the  producer  iu  accordance  with  the  load  requirements.  Pres- 
sure producers  have  been  used  ou  extremely  low  grade  fuels:  Jahn,  in  Germany,. 
has,  it  is  reported,  gasified  mine  waste  containing  only  20  ]»r  cent  of  coal.  Sue* 
lion  producers,  requiring  nmch  less  care  and  attentio:),  are  usually  employed  only  ' 
on  the  belter  grades  of  fuel.  Most  producers  reqnii'e  a  steam  blast;  the  at 
must  be  supplied  by  a  boiler  or  '■  vaporizer,"  which  in  many  instances  is  built  as  4 , 
part  of  the  producer,  the  superheated  steam  being  genenited  by  the  sensible  heat  i 
carried  away  in  the  gas.  Automatic  operation  is  effected  in  various  ways:  i 
the  Amsler  system,  by  changing  Iba  proportion  of  hydrogen  in  the  gas,  involving 
control  of  the  steam  supply,  in  the  Pintsch  process,  by  varying  the  draft  at  the 
producer  by  means  of  an  inverted  hell,  under  the  control  of  a  spring,  from  beneath 
which  the  engine  draws  its  suppjy;  and  in  the  TVile  apparatus,  by  varying  th» 
draft  by  means  of  valves  o])erated  from  the  holder.  Figure  114  shows  a  corapleto 
producer  plnut,  with  separate  vaporizer,  economizer  (recuperator),  and  holder  tor 
storing  the  gas  and  equalizing  the  pressure. 

283.  By-product  Recovery.  Coal  contains  from  0.5  to  3  per  cent  of  nitrogen, 
about  15  (ler  i:ent  of  which  passes  oft  in  the  gas  as  ammonia.  The  successful 
devefiipnieut  of  ihe  Mond  process  has  demnnstrated  the  possibility  of  recovering 
tliis  in  the  form  of  ammonium  sulphate,  a  valuable  fertilising  agent. 
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2B4.  Action  in  the  Producer.  Coal  is  gasified  on  the  producer 
grate.  In  suction  producers,  the  rate  of  gasification  may  be  anywhere 
between  S  and  50  lb,  per  sq.  ft.  of  grate  per  hour.  jViithracite  pro- 
ducers are  in  this  country  sold  at  a  rating  of  10  to  15  Ih.  Ideally, 
the  coal  is  carbon,  and  leaves  the  producer  as  carbon  monoxide, 
4450  B.  t.  lu  per  pound  of  carbon  having  been  expended  in  gasitieatinn. 
Then  only  10,050  B.  t.  n.  per  pound  of  carbon  are  present  in  the  gas,  and 
the  efKciency  cannot  exceed  10,050 -h  14,500  =  0.09-1.  The  4450  B.  t.  u.  con- 
sumed in  gasification  are  evidenced  only  in  the  temperature  of  the  gas. 
With  actual  conditions,  the  presence  of  carbon  dioxide  or  of  free  oxygen 
is  au  evidence  of  improper  operation,  fnrtlier  decreasing  the  efficiency.  By 
introducing  steam,  however,  decovipoHilinn  occurs  in  the  producer,  the  tem- 
perature of  the  gas  is  reduced,  and  available  hydrogen  is  carried  to  tha 
engine ;  and  this  action  is  essentia!  to  producer  efflcieucy  for  power  pur- 
poses, since  a  high  temperature  of  inlet  gas  is  a  detriment  rather  than  a 
benefit  in  engine  operation.  The  ideal  efficiency  of  the  producer  may  thus 
be  brought  up  to  aoioethiug  over  80  jjer  cent;  a  limit  arising  when  the 
proportion  of  steam  introduced  is  such  as  to  reduce  the  temperature  of  the 
gas  below  about  1800°  F.,  when  the  rate  of  decomposition  greatly  decreases. 
The  proportion  of  steam  to  air,  by  weight,  is  then  about  6  per  cent,  the 
heating  value  of  the  gas  is  increased,  the  percentage  of  nitrogen  decreased, 
and  nearly  20  per  cent  of  the  total  oxygen  delivered  to  the  producer  haa 
been  supplied  by  decomposed  steam.  A  similar  result  may  be  attained  by 
introducing  exhausted  gas  from  the  engine  to  the  producer.  The  cartwn 
dioxide  in  this  gas  decomposes  to  mouoxide,  which  is  earried  to  the  engine 
fijr  further  use.  This  method  is  practiced  in  the  Mond  system,  and  has 
had  other  applications.  To  such  extent  as  the  coal  is  hydrocarbunaceous, 
however,  the  ideal  efficiency,  irrespective  of  the  use  of  either  steam  or 
waste  gas,  is  100  per  cent.  Figure  11.5  shows  graphically  the  results  com- 
puted as  following  the  use  of  either  steam  or  waste  gases  with  pure  car- 
bon as  the  fuel.  The  maximum  ideal  efficiency  is  about  3i  per  pent  greater 
when  steam  is  used,  if  the  temperature  limit  is  fixed  at  1800°  F,,  but  the 
waste  gases  give  a  more  uniform  (though  less  rich)  gas.  The  higher  ini- 
tial temperature  of  the  wast«  gases  puts  their  use  practically  on  a  parity 
with  that  of  steam.  Either  systeui  tends  to  prevent  clinkering.  The 
maximum  of  producer  efficiency,  for  power  gaa  purposes,  is  ideally  from 
5  to  10  per  cent  less  than  that  of  the  steam  boiler.  High  percentages  of 
hydrogen  resulting  from  the  excessive  use  of  steam  may  render  the  gas 
too  explosive  for  safe  use  in  an  engine  (10  a)  (25). 

2B5.  Example  of  Conputktion.     Ii^t  20  pi^r  cent  of  the  oxygen  necessary  for 

gnsityiiig  pure  carlioii  111?  siiiiplii'rl  by  steam.  Each  pound  of  fuel  requirea  1)  Ilk 
of  cuygen  forcoiiversinii  (o  i-iirlwn  iiionoxiUe.  Of  ihw  amount.  0.2(1  x  U  =  0.1'«S6  IK 
will  tlieu  be  supplied  by  Btflam ;  and  the  balance,  1.0til37  lb.,  will  tie  lierived  from 
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the  air,  bringiiiK  in  with  it  jiX  1-0667 =3.57  lb.  of  nitrogen.  The  oxygen  derived 
from  steam  will  abo  carry  nith  it  1X0.2666=0.0333  lb.  of  hydrogen.  The  pro- 
duced gaa  will  contain,  per  pound  of  carbon, 

2.33  lb.  carbon  monoxide, 
3.57  lb.  nitn>gen, 
0.0333  lb.  hydrogen. 

WcrataCaASupplMihrCflntageof  Fkiel  gasifiad  by  W«lgM-i 
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FlQ.  115.     Art.  284. — Reactions  in  llie  Producer. 

The  heat  evolved  in  burning  to  monoxide  in  4450  B.  t.  u,  per  pound.  A  por- 
tion of  this,  however,  has  been  put  back  into  the  gas,  the  tempo-ature  having  been 
towered  by  the  decomposition  of  the  steam.    Unda:  the  conditions  existinK  in  the 
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producer,  the  heat  of  decompositon  is  about  62,000  B.  t.  u.  per  pound  of  hydrogen. 
The  net  amount  of  heat  evolved  is  then  4450 -(0.0333  X  62,000)  =  2383  B.  t.  u., 

and  the  efficiency  is      *    — ~  =  0.84.    The  rise  in  temperature  is  computed  as 

^  14,500 

follows :  to  heat  the  gas  1"  F.  there  are  required 

Wkioiit  Specific  IIkat 

For  carbon  monoxide,        2.33        x  0.2479         =  0.578  B.  t.  u. 

For  nitrogen,  3.57        X  0.2438         =  0.869  B.  t.  u. 

For  hydrogen,  0.0333    x  3.4  =  0.113  B.  t.  u. 

a  total  of    1.560  B.  t.  u. 

The   2383    B.    t.    u.   evolved  will  then  cause  an  elevation  of  temperature  of 

^5§5  =  1527°  F. 
1.560 

With  pure  air  only,  used  for  gasifying  pure  carbon,  the  gas  would  consist  of 
2\  lb.  of  carbon  monoxide  and  4.45  lb.  of  nitrogen ;  the  percentages  being  34.5 
and  65.5.  For  an  actual  coal,  the  ideal  gas  composition  may  be  calculated  on  the 
assumptions  that  the  hydrogen  and  hydrocarbons  pass  off  unchanged,  and  that  the 
carbon  requires  1 J  times  its  own  weight  of  oxygen,  part  of  which  is  contained  in 
the  fuel,  and  part  derived  from  steam  or  from  the  atmosphere,  carrying  with  it 
hydrogen  or  nitrogen.  Multiplying  the  weight  of  each  constituent  gas  in  a  pound 
by  its  calorific  value,  we  have  the  heating  value  of  the  gas.  As  a  mean  of  54 
analyses,  Fernald  finds  (11)  the  following  percentages  hy  volume: 

Carbon  monoxide  (CO) 19.2 

Carbon  dioxide  (CO^) 9.5 

Hydrogen  (H) 12.4 

Marsh  gas  and  ethylene  (CII^,  CjII^) 3.1 

Nitrogen  (N) 55.8 

100.0 

285  a.  Practical  Study  of  Producer  Reactions.  This  subject  has  presented 
unexpected  complications.  Tests  made  by  Allcut  at  the  University  of  Birming- 
ham (Powery  July  18, 1911,  page  99)  call  attention  to  three  characteristic  processes  : 

C  +  Il20  =  C()  +  IL2,  (A) 

C  +  2  HoO  =  COo  -f  2  H2,  (B) 

CO  +  II2Q  =  CO2  +  112.  (C) 

Of  these,  (^4)  takes  place  at  temperatures  above  1832°,  is  endothermic,  and 
results  in  the  absorption  of  4300  H.  t.  u.  per  pound  of  carbon.  The  corresponding 
figure  for  reaction  (/i),  also  endothermic,  which  occurs  at  temperatures  below  1112**, 
is  2820  H.  t.  u.  The  former  of  the  two  is  the  reaction  desired,  and  is  facilitated 
by  high  temperatures.  The  operation  (C)  is  chemically  reversible;  taking  place 
as  stated  at  temperatures  above  9^VJ^,  but  gradually  reversing  to  the  opposite  (and 
preferred)  transformation  wiien  the  temperature  reaches  1832°. 

The  tests  show  that  increasing  proportions  of  CO2  may  be  associated  with 
increasing  proportions  of  steam  introduced.  The  maximum  decomposition  reached 
was  0.535  lb.  of  steam  per  pound  of  anthracite  pea  coal,  at  1832°  F.     The  maxi- 
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mum  heat  value  in  tbe  gas  ncis  obtained  when  0.72  lb.  of  steam  was  introduced 
(only  0.52  lb.  of  which  wag  decomposed)  per  pound  of  coal.  If  we  take  the  ratio 
of  air  to  coal  by  weight  at  Q  lb.,  the  ratio  of  steam  decomposed  lo  air  supplied  at 
highest  heat  value  and  heat  efiioieiicy  is  0.52  -;-  9.0  =  0.058)  approximately  6  per 
cent,  as  iu  Art. -284. 

An  interesling  study  of  the  principles  involved  may  be  found  in  Bulletint  of 
the  University  of  Illinois;  vi,  16, by  J.  K.  Clement,  On  the  Rale  of  Formalwn  of 
Carbon  Mano-ride  in  Gan  Pivducers,  and  ix,  24,  by  Garland  and  Kratz,  Tatt  of  a 
Sxtclion  Got  Producer. 

286.  Figure  of  Herit.  A  direct  and  accurate  determination  of  efficiency  is 
generally  imjiossible,  on  account  of  the  difficulties  in  gas  umasuremect  (12).  For 
comparison  of  results  ohtaineil  from  the  same  coals,  the  figure  of  merit  is  sometimes 
used.  This  is  the  quotient  of  the  heating  value  per  pound  of  the  gas  by  tha 
weight  of  carbon  in  a  pound  of  gas  :  it  is  tbe  heating  value  of  the  gas  per  potmd  of 
carbon  coHlained.  In  the  ideal  <vse,  (or  pure  carbon,  its  value  would  be  10,050  B.  t.  u. 
For  a  hyilrocarhoaaceous  coal,  it  may  have  a  greater  value. 


Gas  Engine  Cycles 

387.  Foui-cycle  Engine.  A  gas  engine  of  one  of  the  most  commonly  naed 
types  is  shown  in  Fig.  110.  This  represents  a  singl»4x;ting  engine;  i.e.  the  ^aa  ia 
in  contact  with  one  side  of  the  piston  only,  the  other  end  being  open.  Large  en- 
gines of  this  type  are  frequently  made  double-acting,  the  gas  being  then  con- 
tainwl  on  both  sides  of  a  piston  moving  in  an  entirely  closed  cylinder,  exhaust 
occurring  on  one  side  while  some  other  phase  of  the  cycle  is  described  on  tha 
other  side. 

288.  The  Otto  Cycle.  Figure  117  illustratea  the  piston  move- 
ments corresponcliug  to  the  ideal  pv  diagram  of  Fig.  118.  The 
cycle  includes  five  distinctly  marked  paths.  During  the  out  stroke 
of  the  piston  from  position  A  to  position  5,  Fig.  117,  gas  is  sucked 
in  by  its  movement,  giving  the  lino 
ah.  Fig.  118.  During  the  next  in- 
ward stroke,  B  to  G,  the  gas  is  com- 
pressed, the  valves  being  closed, 
along  the  line  ho.  Tha  cycle  ia  not 
yet  completed :  two  more  strokes 
are  necessary.     At  the  beginning 

Pw.llB.    Arts.  288,  Ml.-Tbe  Otto  C,de.       ^^    ^,,g    g^^^    ^f    ^^i^^^     ^he      piston 

being  at  e,  Fig.  118,  the  gas  is  Ignited  and  practically  instantaneoua 
combustion  occurs  at  constant  volume,  giving  the  line  eC.     Au  out 
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stroke  is  produced,  and  as  the  valves  remain  closed,  the  gas  expands, 
doing  work  along  CW,  while  the  piston  moves  from  C  to  2),  Fig.  117. 
At  d,  the  exhaust  valve  opens,  and  during  the  fourth  stroke  the 
piston  moves  in  from  D  to  J?,  expelling  the  gas  from  the  cylinder 
along  rfe.  Fig.  118.  This  completes  the  cycle.  The  inlet  valve  has 
been  open  from  a  to  6,  the  exhaust  valve  from  d  to  e.  During  the 
remainder  of  the  stroke,  the  cylinder  was  closed.  Of  the  four 
strokes,  only  one  was  a  "working"  stroke,  in  which  a  useful  effort 
was  made  upon  the  piston.  In  a  double-acting  engine  of  this  type, 
there  would  be  two  working  strokes  in  every  four. 


Fio.  111).    Arts.  281>-*J*)1 ,  .W),  IJ-Hl).  —  Two-cycle  Gas  Engine 
(From  "The  Gas  Engine/*  by  Cecil  P.  Poolo,  with  the  permission  of  the  Hill  Publishing  Company.) 

289.  Two-«tn)ke  Cycle.  Another  largely  used  type  of  engine  is  shown 
in  Fig.  119.  The  same  five  paths  compose  the  cycle  ;  but  the  events  are 
now  crowded  into  two  strokes.  The  exhaust  opening  is  at  E\  no  valve 
is  necessary.  The  inlet  valve  is  at  A,  and  ports  are  provided  at  C,  C  and 
/".  The  gas  is  often  delivered  to  the  engine  by  a  separate  pump,  at  a 
pressure  several  pounds  above  that  of  the  atmosphere ;  in  this  engine,  the 
otherwise  idle  side  of  a  single-acting  piston  becomes  itself  a  pump,  as 
will  appear.  Starting  in  the  position  shown,  let  the  piston  move  to  the  left. 
It  draws  a  supply  of  combustible  gas  through  ^1,  B  and  the  j)orts  C  into 
the  chamber  D.  On  the  outward  return  stroke,  the  valve  A  closes,  and  the 
gas  in  D  is  compressed.  Compression  continues  until  the  edge  of  the  piston 
parses  the  port  7,  when  this  high  pressure  gas  rushes  into  the  space  F,  at 
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practically  constant  pressure.  The  piston  now  repents  its  first  stroke. 
Following  tho  mass  of  guB  whieli  we  have  been  coiiBideiing.  we  find  that 
it  nndergous  compression,  beginning  as  aoon  as  the  piston  cioseB  the  porta 
E  and  /,  and  continuing  to  tho  end  of  the  stroke,  when  the  piston  is  in  its 
extreme  left-hand  position.  Ignition  there  takes  place,  and  the  next  oat 
stroke  is  a  working  stroke,  during  which  the  heated  gas  expands.  Toward 
the  end  of  this  stroke,  the  exhaust  port  E  is  uncovered,  and  the  gas  passes 
out,  and  continues  to  pass  out  until  early  on  the  next  backward  stroke  this 
port  is  again  covered. 

290.  DiBcusston  of  the  Cjrcle.  We  have  here  a  two-stroke  cr/de  ;  for 
two  of  the  four  events  requiring  a  perceptible  time  interval  are  always 
taking  place  simultaneously.  On  the  first  stroke  to  the  left,  while  gas  is 
entering  D,  it  is  for  a  brief  interval  of  time  also  flowing  from  7to  F,  from 
F  through  E,  and  afterward  being  compressed  iii  F,  On  the  next  stroke 
to  the  right,  wliile  gas  is  compressed  in  D,  ignition  and  expansion  occur  in 
F\  and  toward  the  end  of  the  stroke,  the  exhaust  of  the  burned  gases 
through  E  and  the  admission  of  a  fresh  supply  through  /,  both  begin. 
The  inlet  port  /  and  the  exhaust  port  E  are  both  open  at  once  during  part 
of  the  operation.  To  prevent,  as  far  as  possible,  the  fresh  gas  from 
escaping  directly  to  the  exhaust,  the  baffle  Q  is  fixed  on  the  piston.  It  is 
only  by  skillful  proportioning  of  port  areas,  piston  speed,  and  pressure  in 
7>that  large  loss  from  this  cause  is  avoided.*  The  burned  gases  in  the 
cylinder,  it  is  sometimes  claimed,  form  a  barrier  between  the  fresh  enter- 
ing gas  and  the  exhaust  port. 

291.  PV  Diagram.  This  is  shown  for  the  working  side  (space  F)  in 
Fig.  120  and  for  the  pumping  side  (space  it)  in  Fig.  121.     The  exhaust 

port  is  uncovered  at  d,  Fig.  120,  and  the  pres- 
sure rapidly  falls.     At  «,  the  inlet  port  opens, 
the  fresh  supply  of  gas  holding  up  the  pres- 
sure.   From  a  out  to  the  end  of  the  digram, 
and  l>aL'k  to  b,  both  ports  are  open.     At  6  the 
inlet  port  closes,  and  at  c  the  exhaust  port, 
when      compres- 
aion  begins.    The 
-V    pump  diagram  of 
Fio.  120.  Act.  291.— Twu^ttoka    Fig.    121     corre- 
'-y^'*-  sponds  with  the 

negative  loop  deab  of  Fig.  118.  Aside  from  Fio.  121.  Art.Mi.— iVo-stroke 
the  Blight  difference  at  rfrtfo,   Fig.  120,  the  Cy.-lo  Puu,,.  Dmeram. 

•  Two  cycle  |^  engines  should  never  be  fiovemed  b7  vnryinE  the  quantity  of 
mixture  drawn  in  (Art.  348)  because  of  tiio  disturbing  effect  wliicli  xucb  variaUona 
would  have  on  Uieae  tactoTs. 
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diagrams  for  the  two-cycle  and  four-cycle  engines  are  precisely  the  same ; 
and  in  actual  indicator  cards,  the  difference  is  very  slight. 

292.    Ideal  Diagram.     The  perfect  PV 
diagram  for  either  engine  would  be  that  of 
Fig.  122,  ebfd^  in  which  expansion  and  com- 
pression are  adiabatic,  combustion   instan- 
_      taneous,   and    exhaust    and    suction   unre- 

Fio.  122.    Arts.  292,  293.  2M,    ^^^icted ;    80  that  the  area  of  the  negative 
295.  314,  329.  '329a,  3296.    loop  dg  becomes  zcro,  and  eb  and  fd  are 

331.      Prob.    15. — Idealized     t  £  i.      j.        i  r.^  •  a* 

lines  of  constant  volume,     r  rom  inspection 


Gas  Engine  Diagram. 


J'rK'  =  P^Vj', 


VA' 


■■'^{9) 


of  the  diagram  we  find 

FA" 


Vf=  K 


cf« 


JT  7?  Pb 


Ty=T, 


P,=  P.{^\  ,    v,=  v„ 


293.   Work  Done.     The  work  area  under  If  is  ^^ — ^^ ;  that 


P  V  —  P  V 
ander  ed  is  — ^—^ *      ;  the  net  work  of  the  cycle  is 

P,V,+  P,V,-  PrVr-  P,V, 

This  may  be  written  in  terms  of  two  pressures  and  two  volumes  only, 
for  P. K  =  P^ Vj> rji-"  and  PjVy=  P,  V,"  V^'-*,  giving 


b'  b 


-dn(^''''+''''r^'-f-Vi'-('|iY>. 


V 


V. 


294.  Relations  of  Coryes.    Expressing  -^  =  H^  and  ^  =  (~^,  and 


remembering  that  Vj,=  V^V^=  F^,  we  have  ^  =  ^  and  -^  =  ^ .  This 
permits  of  rapidly  plotting  one  of  the  curves  when  the  other  is  given. 
We  also  find  ^  =  ^  and  ~=  ^. 


T, 


T.      T^ 
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295.  Efficiency.  In  Fig.  122,  heat  is  absorbed  along  eb,  equal  to 
l(^Ti  —  Tt);  this  is  derived  from  the  combustion  of  the  gas.  Heat 
is  rejected  along/d,  =  /(I/—  I^).  Using  the  difference  of  the  two 
quantities  as  an  expression  for  the  ^vork  done,  we  obtain  for  the 

efficieucy 


--=1- 


The  efficiency  thus  depends  solely  upon  the  extent  of  compression 
V. 


'(S)-(ft)' 


'  Vi-V, 


=  the  clearance  of  the  eng^e, 


t 

k 

1 

m 

\ 

\ 

rn 

^ 

- 

— 

— 

„ 

.» 

.& 

L* 

Fio.  122a,     Art.  295.— Relation  between  Efficiency  and  Clearance  in  the  Ideal  Cycle. 


the  efficiency  may  be  expressed  in  terms  of  the  clearance  only.     (See 
Fig.  I22a.) 


295  a.  The  Sargent  Cycle.  Let  the  engine  draw  In  its  chai^  at  atmos- 
pheric pressure,  along  ad,  Fig.  122c.  The  inlet  valve  eloaea  at  d  aud  the 
charge  expands  somewhat,  along  dc.  It  ia  then  compressed  along  ctfc, 
ignited  along  eb,  and  expanded  along  bg.  The  exhaust  valve  opens  at  g, 
the  pressure  falls  to  that  of  the  atmosphere  along  gh,  and  the  cylinder 
contents  are  expelled  along  ha.  The  work  area  is  debfgh;  there  is  no 
negative  loop  work  area  d/w.     The  entropy  diagram  shows  the  cycle  to 
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be  more  efficient  than  the  Otto  cycle  dehf  between  the  same  temperature 
limits;  the  superior  Otto  cycle  ebgc  has  wider  temperature  limits.  The 
gain  by  the  Sargent  cycle  is  analogous  to  that  in  a  steam  engine  by  an 
increased  ratio  of  expansion  (Art.  411),  and  involves  a  reduction  in  capac- 
ity in  proportion  to  the  size  of  cylinder.    The  efficiency  is 

dehgh  __  mebn  —  mdhgn 
mebn  mebn 


=  l-y 


T,  -T.      T»  -  7; 


295  h.  The  Frith  Regenerative  Cycle  {Jour,  A,  S.  M.  E.,  XXXH,  7).  In  Fig. 
122  d,  abed  is  an  ordinary  Otto  cycle.  Suppose  that  during  expansion  some  of  the 
fluid  passes  through  a  regenerator,  giving  up  heat,  following  some  such  path  as  ae. 
Then  let  the  regenerator  in  turn  impart  this  heat  to  the  working  substance  during 
or  just  before  combustion,  as  along  di  in  the  entropy  diagram. 

If  the  regenerator  were  perfect,  and  the  transfers  as  described  could  occur,  the 
heat  absorbed  from  external  sources  would  be  jiah  and  the  work  w  ould  be  daec. 
The  quotient  of  the  latter  by  the  former,  if  the  path  through  the  regenerator  were 
(w  (limiting  case),  would  be  unity.  But  this  would  involve  a  contravention  of  the 
second  law,  since  heat  would  have  to  pass  from  the  regenerator  (at  c)  to  a  sub- 
stance hotter  than  itself  (at  <f).  If,  however,  we  make  the  temperature  range  Tj  —  T^ 
Tery  small,  a  large  proportion  of  the  heat  transferred  to  the  regenerator  may  again 
be  absorbed  along  da,  and  as  the  output  of  the  engine  approaches  zero,  its  efficiency 
approaches  100  per  cent. 

If,  as  in  Fig.  122  6,  the  expansion  curve  strikes  the  point  c,  we  may  assume 
that  of  all  the  beat  i/cah)  delivered  to  the  regenerator,  only  that  portion  {Ikah), 
the  temperature  of  which  exceeds  7*«f,  can  be  redelivered  to  the  fluid  along  da. 
The  efficiency  is  then 

dac         __  fdah  —fcoh 
fdak  -  Ikah  "  fdah  -  Ikah 

where  #  =  /     _^  is  the  specific  heat  along  the  path  akc,  the  equation  of  which  is 

jw^  =  const.    Since  PaVa''  =  PcVj'y 

while  PdVj'^PcVc^ 


n  =  ,(logg-logg). 
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Flo.  1226.  Art.  2966. 


^^■-^    ^^ff 


Fio.  122c.  Art.  296a. 


Flo.  122d.     Art.  2956. 

Let  P,  =  14.7,  Pi  =  147,  P,  =  '2iH. 

Then  „  =  ]..102l^i£M:'=l.eC3, 

log  0.10 
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Now  if  r.  =  30(y  F.  =  760*^  aba.,  T^  =  1470^  abs.,  and  if  7*.  =  300(y»  aba.,  the 

efficiency  becomes 

1530  -  (0.582  X  2240)  ^^  230  _  ^  ^^ 

1530  -  (0.582  X  1530)      640       *    ' 

^hile  that  of  the  Otto  cycle  is 

r^-7;_1470-760_Q. 

~Yr~ i470~""^**- 

For  a  discussion  of  limiting  values,  see  the  author^s  paper  in  Polytechnic  Engineer^  1914. 

296.  Carnot  Cycle  and  Otto  Cycle;  the  Atkinson  Engine.  Let  abed, 
Fig.  123,  represent  a  Carnot  cycle  drawn  to  pv  co<>rdinates,  and  6/de,  the 
corresponding  Otto  cycle  between  the  p 
same  temperature  limits,  T  and  t.  For  the 
Carnot  cycle,  the  efficiency  is  (T  —  <)  -^-  T; 
for  the  Otto,  it  is,  as  has  been  shown, 
(T;  —  Trf)  ^  TV  It  is  one  of  the  disad- 
vantages of  the  Otto  cycle,  as  shown  in 
Art.  294,  that  the  range  of  temperatures 
during  expansion  is  the  same  as  that  dur- 
ing compression.  In  the  ingenious  Atkiti- 
son  engine  (13),  the  fluid  was  contained  in 
the  space  between  two  pistons,  which  space 
-was  varied  during  the  phases  of  the  cycle.  This  perniitted  of  expansion 
independent  of  compression ;  in  the  ideal  case,  expansion  continued  down 
to  the  temperature  of  the  atmosphere,  giving  such  a  diagram  as  ebcd,  Fig. 
1 23.     The  entropy  diagrams  for  the  Carnot,  Otto,  and  Atkinson  cycles  are 

correspondingly  lettered  in  Fig.  124.  For 
the  Atkinson  cycle,  in  the  ideal  case,  we 
have  in  Fig.  124  the  elementary  strip 
vivxy,  which  may  stand  for  dH,  and  the 
isothermal  dc  at  the  temperature  t.  Let 
the  variable  temperature  along  eb  be  7,, 
having  for  its  limits  Ti  and  T^.  Then  for 
the  area  ebcd,  we  have 


Fio.  123.     Art.  2«»i;.— Carnot,  Otto, 
and  Atkinson  (.*vi'les. 


I »^iv--i* AT  rndll  ^  rndT, 

Fio.  124.    Ar«8.  296,  297.  305.  307.      ^^=   I       yr  CA  -  0  =  M      ^fr  C^s  —  0 


3296.     Efficiencies  of  Gas  Engine 
Cyclce. 


=  /(n-  Tj-^nog, 


71 


The  efficiency  is  obtained  by  dividing  by  I  {T^^  T^)  and  is  equal  to 


1- 


t 


'i\ 


.7". 


-ylo^.y 


5897.    Application  to  a  Special  Case.     Let    7^^  =  1000,    7"  =3440,    ^  =  520; 
whence,  from  Art.  294,  7/=  1088.     We  then  have  the  following  ideal  efficiencies: 
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Carnot, 


Atkinson,  1  — 


Otto, 


T-t_  3440  -  520 
T    "       3440 


=  0.85. 


t       ,       rj      ,       520,       3440      ^-. 
,^-—^\og,-  =  1  -  ^^log.  j^  =  0.74. 


Te  -  t     1060  -  520 


=  0.51. 


Te   "     loao 

The  Atkinson  engine  can  scarcely  be  regarded  as  a  practicable  type ;  the 
Otto  cycle  is  that  upon  which  most  gas  engine  efficiencies  must  be  based; 
and  they  depend  solely  on  the  ratio  of  temperatures  or  pressuret  dnnng 
compression. 

298.  Lenoir  Cycle.  This  is  shown  in  Fig.  125.  The  fluid  is  drawn 
into  the  cylinder  along  Ad  and  exploded  along  df,  Expansion  then 
occurs,  giving  the  path^,  when  the  exhaust  valve  opens,  the  pressure 


NtTAMT  VOUMI 


Fio.  125.     Arts.  298,  301,  302. 
Lenoir  Cycle. 


FiQ.  13f>.     Art.  298.  — Entropy 
Diagram,  Lenoir  Cyde. 


falls,  ghy  until  it  reaches  that  of  the  atmosphere,  and  the  gases  are  finally 
expelled  on  the  return  stroke,  JiA.     It  is  a  two-cyde  engine.     The   net 
entropy  diagram  appears  in  Fig.  126. 
The  efficiency  is 

Heat  absorbed  -  heat  rejected  _  /(T/-  7^,)  -  l{Tg  -  T^)  -  k(T^  -  Tg) 
Heat  absorbed  ~  /(7>-  f^ 

299.  Brayton  Cycle.  This  is  shown  in  Fig.  127.  A  separate 
pump  is  employed.  The  substance  is  drawn  in  along  Ad^  compressed 
along  driy  and  forced  into  a  reservoir  along  nB.  The  engine  begins 
to  take  a  charge  from  the  reservoir  at  J5,  which  is  slowly  fed  in  and 
ignited  as  it  enters,  so  that  combustion  proceeds  at  the  same  rate  as 
the  piston  movement,  giving  the  constant  pressure  line  Bb.  Expan- 
sion then  occurs  along  bg^  the  exhaust  valve  opens  at  ^,  and  the 
charge  is  expelled  along  kA.  The  net  cycle  is  dnbgh;  the  net  ideal 
entropy   diagram   is   as   in    Fig.    128.     This    is    also   a   two-cycle 
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Tiii.  127.     Arts.  2!»9.  302.  —  Bray  ton 

Cycle. 


N 

Fkj.  128.    Art.  21KJ.  —  Bray  ton  Cycle, 
Entropy  Diagram. 


engiue.  The  "  constant  pressure  "  cycle  whicli  it  uses  was  suggested 
in  1865  by  Wilcox.  In  1873,  when  first  introduced  in  the  United 
States,  it  developed  an  etiiciency  of  2.7  lb.  of  (petroleum)  oil  per 
brake  hp.-hr. 

The  efficiency  is  (Fig.  127) 


=  1  - 


T,-^T, 


T.-T, 


If  expansion  is  complete,  the  cycle  becoming  dnhij  Figs.  127,  128,  then 
T'^  =  r^k  =  Ti,  and  the  efficiency  is 

a  result  identical  with  that  in  Art.  20.5 ;  the  efficiency  (with  complete  ex- 
pansion) depends  solely  upoji  the  extent  of  compre anion. 


300.  Comparisons  with  the  Otto  Cycle.  It  is  proposed  to  compare  the  capacities 
aiid  efficiencies  of  engines  working  in  the  Otto,*  Braytc^n,  and  Lenoir  cycles;  the 
engines  l>eingof  the  same  size,  and  working  between  the  same  limits  of  temperature. 
For  convenience,  jmre  air  will  he  regarded  as  the  working  substance.  In  each  case 
let  the  stroke  be  2  ft.,  the  piston  area  1  s<i.  ft.,  the  external  atmosphere  at  17"^  C, 
the  maximum  temperature  attained,  l.vJT''  C.  In  the  Leuoir  engine,  let  ignition 
occur  at  half  stroke;  in  the  Brayton,  let  compression  begin  at  half  stroke  and  con- 
tinue until  the  pressures  is  the  same  as  the  maximum  pressure  attained  in  the  Lenoir 
cycle,  and  let  expansion  alsolwgin  at  half  stroke.  These  are  to  be  compared  with 
an  Otto  engine,  in  which  the  pump  compresses  1  eu.  ft.  of  free  air  to  40  lb.  net 
pressure.  This  quantity  of  free  air,  1  cu.  ft.,  is  thfu  supplied  to  each  of  the  three 
engines. 

301.  Lenoir  Engine.  The  expenditure  of  heat  (in  wnrl-  units)  along  <//*,  Fig. 
125,  is  Jl(T  —  /),  in  which  T  =  I'WiT,  /  -  17, ,/  is  tlie  mechanical  equivalent  of  a 
Centigrade    heat   unit,   and   /   is    the    siMTitic    heat    of    1    en.  ft.  of    free   air, 

•  The  '*  Otto  cycle  *'  in  this  discussion  is  a  modified  form  (as  suggested  by  Clerk) 
in  which  the  strokes  are  of  unequal  length. 
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heated  at  constant  volume  1°  (J.     Now  J  —  778  x  J  =  1400.4,  and  .//  is  a;'i».oii- 
mately  0.1689  x  0.075  x  1400.4  =  17.72.     The  expenditure  of  heat  is  then 

17.72(1537  -  17)  =  26,900  ft-lb. 
The  pressure  at /is 

14.7  ^f  7  +  273  ^  jjj^  j^^  absolute; 
17  +  273 
and  the  pressure  at  g  is 

91.4(J)i'  =.-  34.25  lb.  absolute. 
The  work  done  under//  is  then 

144  j  an.-^xl)-(34  25x2)  |  ^  g^,,  ^^  .j^^ 
1  I.IOJ  -  1  J 

The  negative  work  under  hd  is  14.7  x  144  x  1  =  2107  ft.-lb.,  and  the  net  work  is 
8190  -  2107  =  6083  ft.-lb.     The  efficiency  is  then  6083  -^  26,900  =  0.2£6. 

302.    Brayton  Engine.    We  first  find  (Fig.  127) 

Tn  =  '^dij,-)  '   =  (273  +  17)  (j—^Y'^  =  489''  absolute  or  216°  C. 

Proceeding  in  the  same  way  as  with  the  Lenoir  engine,  we  find  the  heat  expendi- 
ture to  be 

JkXn  -  7'„)=  0.2375  X  0.075  x  1400.4(1537  -  216)=  33,000  ft.-lb. 

The  pressure  at  n  is  by  assumption  equal  to  p/  in  the  case  of  the  Lenoir  engine; 
the  pressure  at  g  in  the  Brayton  ty|>e  then  equals  that  at  g  in  the  Lenoir.  The 
work  under  hg  is  the  same  as  that- under  fg  in  Fig.  125.  The  work  under  nb  is 
found  by  first  ascertaining  the  volume  at  n.    This  is 


f  LiIV^^.o  =o.i?r2. 

V9.14/ 


The  work  under  nh  is  then  91.4  x  144  x  (1.0  -  0.272)  =  9650  ft.-lb.,  and  the  gross 
work  is  9650  -f  8190  =  17,840  ft.-lb.  Deducting  the  negative  work  under  hd, 
2107  ft.-lb.,  and  that  under  dtiy 

1^.^  /(91.4  X  0.272)  - (14.7  x  1)\      3^,,  ^^^^^ 
\  1.40'J  -  1.0  / 

the  net  work  area  is  12,083  ft.-lb.,  and  the  efficiency,  12.083  -  33,000  =  0,366. 


303.  Clerk's  Otto  Engine.  In  Fig.  120,  a  s(»])arate  pump  takes  in  a  charge 
along  ABy  and  compresses  it  along  B(\  afterward  forcing  it  into  a  receiver  along 
CD  at  40  lb.  gauge  pressure.  Gas  Hows  from  p 
the  receiver  into  the  engine  along  I)(.\  is  ex- 
ploded along  ( 'E,  expands  to  /%  and  is  exj)elled 
along  GA.  The  net  cycle  is  Bi'EFG.  The 
volume  at  ('  is 


14.7\i-i' 


/14.7 
\54.7 


=  0.393  cu.  ft. 


Fio.  rjy.     Arts.  303,  ;W5.  — Clerk's 
Otto  Cycle. 
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The  temperature  |tt  C  is 

PcV.T^^  AT%=  (^'7  X  0.30-^) (273 -i-  17)  _  073  =  i:)3o  c. 

14.7  X  1 
The  pressure  at  E  is  then 

il5fli2p^=  231  lb.  absolute. 
lo3  +  273 

The  pressure  at  F  is 

231 /O^y  =  23.64  lb.  absolute. 

The  work  under  EF  is 

1^^  /(231x0.393)-(23.64x2)\  ^  ^    ^^  ^^  .^^ 
\  1.402  -  1.0  / 

that  under  BG  is  2107  ft.-lb.,  and  that  under  BC  is 

144  /(54.7x0.393)-(14.7xl)X  ^  ^43^  ^^  .^^^ 
V  1.402  -  1.0  ) 

The  net  work  is  15,600  -  2107  -  2430  =  11,063  ft.-lb.  The  heat  expenditure  in 
this  case  is  Jl(Tg  -  Tc)  =  17.72  x  (1537  -  153)  =  !>4,500  ft.-lb.,  and  the  efficiency 
is  11,063  -i-  24,500  =  0^3;  considerably  greater  than  that  of  either  the  Lenoir  or 
the  Brayton  engine  (14).  If  we  express  the  cyclic  area  as  100,  then  that  of  the 
I^noir  engine  is  52  and  that  of  the  Brayton  engine  is  104.    (See  Art.  295a.) 

304.  Trial  Results.  These  comparisons  correspond  with  the  consumption  of 
gas  found  in  actual  practice  with  the  three  types  of  engine.  The  three  efficiencies 
are  0.226,  0.366,  and  0.453.  Taking  4  cu.  ft.  of  free  gas  as  ideally  capable  of  giv- 
ing one  horse  power  per  hour,  the  gas  consumption  yter  hp.-hr.  in  the  three  cases 
would  be  respectively  4  -^  0.226  =  17.7, 4  -^  0.36G  =  10.0,  and  4  --  0.453  =  8.84  cu.  ft. 
Actual  tests  gave  for  the  Lenoir  an«l  Ilugon  engines  90  cu.  ft.;  for  the  Brayton, 
50;  and  for  the  modified  Otto,  21.  The  possibility  of  a  great  increase  in  economy 
by  the  use  of  an  engine  of  a  form  somewhat  similar  to  that  of  the  Brayton  will  be 
discussed  later. 

305.  Complete  Pressure  Cycle.  The  cycle  of  Art.  30.3  merit*  detailed  exami- 
nation.    In  Fig.  129,  the  heat  absorbed  is  l{Tf:  -  7\)  ;  that  rejected  is 

/(r^.-7V;)+A(r,;-r^); 

the  efficiency  is 

J  E  —  '  r         i  K  —  J  (• 

The  entropy  diagram  may  be  drawn  as  ehmndy  Fig.  12 1,  showing  this  cycle  to  be 
more  efficient  than  the  equal-length-stroko  Otto  cycle,  but  less  efficient  than  the 
Atkinson.  With  complete  expansion  down  to  the  lower  pressure  limit,  the  cycle 
becomes  BCEFII,  Fig.  129,  or  eh<nL  Fig.  121;  tlie  strokes  are  still  of  unequal 
length,  and  the  efficiency  i:*  (I'ig-  120) 

1  -  y  '^JL^Ta. 
Is  —  ic 
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expansion,  7*o=  T^,  tlie 


If  the  strokes  be  made  of  equal  length,  with  I'nd 
cycle  becomes  the  ordinary  Otto,  and  the  efficiency 

,       Ty  -  Tn  _  Tc  -  Tg 
Tb-Tc~       Tc      ' 

306.    Oil  Engines :  The  Diesel  Cycle.     Oil  engiseB  may  operate  in  either 

the  two-stroke  or  the  foiir-stvoke  cycle,  usually  the  latter;  and  combus- 
tion may  oceiu-  at  constant  volume  (Otto),  constant  pressure  (Hrayton),  or 
constant  teraperatiire  (Diesel).  Diesel,  in  18113  (15),  first  proposed  what 
has  proved  to  be  from  a  thermal  standpoint  the  most  eeononiical  heat 
engine.  It  is  a  four-cycle  engine,  approaching  more  closely  than  the 
Otto  to  the  Carnot  cycle,  and  theoretically  applicable  to  solid,  liquid,  or 
gaseous  fuels,  although  actually  used  only 
with  oih  The  first  engine,  tested  by  Scliroter 
in  1897,  gave  indicated  thermal  efRciencies 
ranging  from  0.34  to  0.39  (16).  The  ideal- 
ized cycle  is  shown  in  Fig.  130.  The  oi>era- 
tioua  are  adiabatic  compression,  isothermal 
expansion,  adiabatic  ex  [mansion,  and  dis- 
charge at  constant  volume.  Pure  air  is  com- 
pressed to  a  high  pressure  and  temperature, 
and  a  spray  of  oil  is  then  gradually  injected  by  means  of  external  «ir 
pressure.  The  temperature  of  the  cylinder  is  so  high  as  at  once  to  ignite 
the  oil,  the  supply  of  which  is  so  adjusted  as  to  produce  combustion 
practically  at  constant  temi>eratnre,  Adiabatic  expansion  occurs  after 
the  supply  of  fuel  is  discontinued.  A  considerable  excess  of  air  is  used. 
The  pressure  along  tlie  combustion  line  is  from  30  to  40  atmospheres,  that 
at  which  the  oil  is  delivered  is  50  atmospheres,  and  the  temperatare 
at  the  end  of  compression  approaches  1000"  F.  The  engine  is 
started  by  campresscd  air;  two  or  more  cylinders  are  used.  There  in 
no  uncertainty  as  to  the  time  of  ignition;  it  begins  immediately 
upon  the  entrance  of  the  oil  into  the  cylinder.  To  avoid  pre-ignition 
in  the  supply  tank,  the  high-pre.ssure  air  used  to  inject  the  oil  must 
be  cooled.  The  cylinder  is  water-jacketed.  Figure  131  shows  a  three- 
cylinder  engine  of  this  type;  Fig.  132,  its  actual  indicator  diagram, 
reversed. 

The  Diesel  engine  has  recently  attracted  renewed  interest,  especially 
in  small  units;  although  it  has  been  Iniilt  in  siijca  up  to  2000  hp.     It 


i.  306,  30T.  — IMeBol 


has  been  applied 
product  tar  oil. 


I  marine  service,  and  has  successfully  utilized  by- 
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307.    Efficiency.     The  heat  absorbed  along  ab.  Fig.  130,  is 

'a  '^  a 

The  heat  rejected  along fd  is  IQTf—  T^).     We  may  write  the  eflBciency 


as 


l(T,-T,)  T^-T, 

^  T7    ~  ■'■  "T 


RTa  log.  ^  Ta  log.  ^ 


But  T,=  Tj^y=  2'-.(f')'"''and  T„=T,{^y^;  whence 
For  the  heat  rejected  \x\ongfd  we  miiy  therefore  write 


-T, 


y 

and  for  the  efficiency, 

1 


Kr-'] 


Kr'-i 


yi?y«  log,  i^» 


This  increases  as  7^  increases  and  as  —^  decreases.     The  last  conclu- 


a 


sion  is  of  prime  importance,  indicating  that  the  efficiency  should  in- 
crease at  light  loads.  Tliis  may  be  apprehended  from  the  entropy 
diagram,  abfd,  Fig.  124.  As  the  width  of  the  cycle  decreases  (J/* 
moving  toward  ad)^  the  efficiency  increases. 

307  6.  Diesel  Cycle  with  Pressure  Constant.  In  common  present  practice, 
the  engine  is  supplied  with  fuel  at  such  a  rate  that  the  pressure,  rather 
than  the  temperature,  is  kept  constant  during  combustion.  This  gives  a 
much  greater  work  area,  in  a  cylinder  of  given  size,  than  is  possible  with 
isothermal  combustion.  The  cycle  is  in  this  case  as  shown  in  Fig.  132  a, 
combining  features  of  those  of  Otto  and  Brayton.  The  entropy  diagram 
shows  that  the  efficiency  exceeds  that  of  the  Otto  cycle  ebfd  between  the 
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same  limits ;  but  it  is  less  than  that  of  the  Diesel  cycle  with  isothermal 
combustion.     The  definite  expression  for  efficiency  is 

abfd  ^^      l(Tr-T,)^^        Tr-T, 

Inspection  of  the  diagram  shows  that  the  efficiency  decreases  as  the  load 
increases. 

(For  a  description  of  the  Junkers  engine,  see  the  papers  by  Junge,  in 
J^icer,  Oct  22,  29,  Nov.  5,  1912.) 


-V 


Fio.  132a.    Art.  3076. — Constant-pressure  Diesel  Cycle. 

307c.  Entropy  Diagram,  Diesel  Engine.  In  constructing  the  entropy  diagram 
from  an  actual  Diesel  indicator  card  a  difficulty  arises  similar  to  one  met  with  in 
steam  engine  cards;  the  quantity  of  substance  in  the  cylinder  is  not  constant  (Art.  454). 
This  has  been  discussed  by  Eddy  (17),  l-rith 
(18),  and  Reeve  (19).  The  illustrative  dia-  ^ 
gram,  constructed  as  in  Art.  347,  is  suggcs-  ^ 
live.  Figure  133  shows  such  a  diagram  for 
an  engine  tested  by  Denton  (20).  The 
initially  hot  cylinder  causes  a  rapid  ab- 
sorption of  heat  from  the  walls  during  the 
early  part  of  compression  along  ah.  Later, 
along  6c,  heat  is  transferred  in  the  opposite 
direction.  Combustion  oc?urs  along  cd,  the 
temperature  and  quantity  of  heat  increas- 
ing rapidly.  During  expansion,  along  dcy 
the  temperature  faUs  with'  increasing 
rapidity,  the  path  becoming  practically 
adiabatic  during  release,  along  ef.  The  TT  diagram  of  Fi^.  133  indicates  that  no 
further  rise  of  temperature  would  accompany  increased  compression;  the  actual 
path  at  y  baa  already  become  practically  isothermal. 

308.  Comparison  of  Cycles.  Fi^iro  13 1  shows  all  of  the  cycles  that 
have  been  discussed,  on  a  sin«:;lc  pair  of  diagrams.  The  lettering  cor- 
responds with  that  in  Figs.  122-128,  130.     The  cycles  are, 


Fig.  133. 


Art.  ;X)7.— Diesel  Engine 
Diagrams. 
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Camot,  abod,  Lenoir,  df^Jia,df^^  Diesel,  dabf. 

Otto,  ehfrl,  Brayton,  dnbgh,  dnbi,  Atkinson,  ebcd, 

Complete  preBsure,  liebgh,  liebi. 


; 

^- 

Fia.  134.    Art.  308,  Probs.  7 


—  Coiiipa.riEOD  oF  Gas  f^Qgiue  Cyules. 


■ 
■ 


SOBa.   The  Humphrey  Internal  Combustion  Pump.     In   Fig.    134a, 

C  is  a  chamber  supplipcl  with  water  through  the  cheek  valves  V  from 
the  storage  tank  ET,  and  connected  by  the  discharge  pipe  D  with  the 
delivery  tank  F.  Suppose  the  lower  part  of  C,  with  the  pipe  D  and 
the  tank  F,  to  be  filled  with  water,  and  a  eombuatibie  charge  of  gas 
to  be  present  in  the  upper  part  of  C,  the  valves  I  and  B  being  closed. 
The  gas  charge  is  exploded,  and  expansion  forces  the  water  down 
in  C  and  up  in  F.  The  movement  docs  not  stop  when  the  pressure 
of  gas  in  C  falls  to  that  equivalent  to  the  difference  in  head  between 
F  and  C  ;  on  the  contrary,  the  kinetic  energy  of  the  moving  water 
carries  it  past  the  normal  level  in  F,  and  the  gases  in  C  fall  below 
that  pressure  due  to  head.  This  causes  the  opening  of  E  and  V, 
an  inflow  of  water  from  F!T  to  C,  and  an  escape  of  burnt  gas  from  C 
through  E.  The  water  lises  in  C.  Meanwhile,  a  partial  return  flow 
from  F  aids  to  fill  C,  the  kinetic  energy  of  the  moving  water  having 
been  exhausted,  and  the  stream  having  come  to  rest  with  an  abnor- 
mally high  level  in  F.  Water  continues  to  enter  C  until  (1)  the  valvea 
V  are  closed,  (2)  the  level  of  E  is  reached,  when  that  valve  closes  by 
the  impact  of  water;  and  (3)  the  small  amount  of  burnt  gas  now  trapped 
in  the  space  d  is  compressed  to  a  pressure  higher  than  that  correspond- 
ing with  the  difference  of  heads  between  F  and  Ci.  As  soon  as  the 
returning  flow  of  water  has  this  time  been  brought  to  rest,  the  excess 
pressure  in  Ci  starts  it  again  in  the  opposite  direction  from  Ci  toward 
F.  When  the  pressure  in  C'l  has  by  this  means  fallen  to  about  that  of 
the  atmosphere,  a  fresh  charge  is  drawn  in  through  /.  FricUonal 
losses  prevent  the  water,  this  time,  from  rising  as  high  in  F  as  on  its 
first  outflow;    but  nevertheless  it  does  rise  sufficiently  high  to  acquire 
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a  st&tic  head,  which  produces  the  final  return  flow  which  finally  com- 
presses the  fresh  charge. 

The  water  here  takes  the  place  of  a  piston  (as  in  the  hydraulic 
piston  compressor.  Art,  240),     The  only  moving  parts  are  the  valves. 


Fio.  134a.     An.  306a.— Humphrey  Pump. 

The  action  is  unaccompanied  by  any  great  rise  of  temperature  of  the 
metal,  since  nearly  all  parts  arc  periodically  swept  by  cold  water.  The 
pump  as  described  works  on  the 
four-cycle  principle,  the  operations 
being  (Fig.  1346): 

a.  Ignition   {ab)  and  expansion 

(be); 

b.  Expulsion  of  charge  (erf,  de), 

suction  of  water,  com- 
pression of  residual 
charge  (e/); 

c.  Intake  (fe-j,  gk) ; 

d.  Compression  (ha). 
Disregarding  the  two  loops  ehg, 

dcm,  the  cycle  is   bounded   by  two 

polytropies,  one  line  of  constant  volume  and  one  oE  constant  pressure. 
Between  the  temperature  limits  T„  and  T^  it  gives  more  work  than 
the  Otto  cycle  hahj,  and  if  the  curves  be  and  ah  were  adiabatic  would 
necessarily  have  a  higher  efficiency  than  the  Otto  cycle.  The  actual 
paths  are  not  adiabatic:  during  expansion  (as  well  as  during  ignition) 
some  of  the  heat  must  be  given  up  to  the  water;  while  the  heat  generated 
by  compression  is  similarly  (in  part)  transferred  to  the  water  along  ha. 
With  the  adiabatic  assumption  adopted  for  the  purpose  of  classification, 
the  cycle  is  that  described  in  Art.  305  and  shown  in  Fig.  134  as  debi. 
The  strokes  are  of  unequal  length.    (See  Power,  Dee.  1,  1914.) 

The  gases  are  so  cool  toward  the  end  of  expansion  that  a  fresh 
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charge  may  be  safely  introduced  at  that  point,  by  outside  compressii^ 
on  the  two-cycle  principle  (Art.  289).  The  pump  may  Ise  adapted 
for  high  heads  by  the  addition  of  the  hydraulic  intenaifier.  It  hai 
been  built  in  sizes  up  to  40,000,000  gal.  per  twenty-four  hours,  and 
has  developed  a  thermal  efficiency  (to  water)  under  test  of  About 
22  per  cent.     (Sec  American  Machinist,  Jan.  5,  1911.) 

Practical  Modifications  op  the  Otto  Cycle, 

309.  Importance   of  Proper  Hizture.      The  workiiin  substance   uaed   i 

enginps  is  a  mLxture  of  gas,  oi!  vapor  or  oil,  and  air.  Such  mixtures  will  not 
ienil^  it  too  weak  or  too  strong.  Even  wlien  so  proportioned  as  to  permit  of 
ignition,  any  variation  from  the  correct  ratio  has  a  detrimental  effect; 
Ian  lliile  air  is  present,  the  gas  will  not  burn  conipletelj',  the  exhaust  will  be  du 
colored  and  odorous,  and  unburned  gas  may  explode  in  the  exhaust  pipe  whes 
it  meets  more  air.  if  Im  mnch  air  is  admitted,, 
the  products  of  combustion  will  be  unnecesrarilf 
diluted  and  the  rise  of  temperature  daring 
ignition  will  he  decreased,  causing  a  loss  of  woifc 
area  on  the  PV  diagram.  Figure  135  shows  tb 
elTect  oti  rise  of  teiiiiieralure  and  preasure  o 
r:ir,ving  the  proi«rticius  of  air  and  gas.  assnuiini 
the  variiitiona  to  remain  within  the  Hmits  o 
]>oatiilile  i^'nition.  Failure  to  ignite  may  occu 
a^  a  result  of  the  presence  of  excess  of  air  a 
well  as  when  the  air  supply  is  deficient.  Jtipidttf 
of  Jlamt  propagnli'Hi  iV  estential  fur  ejfiei'tiei/,  and  this  is  only  possible  with  fl 
proper  mixture.  The  gas  may  in  some  ca-^s  hum  bo  iilowly.i»8  to  leave  the  cyli 
inder  partially  unconsuiued.  In  an  cngiue  of  tlie  tvpo  shown  in  Fig.  110,  ihil 
may  result  in  a  spread  of  flame  through  /,  B,  and  C  back  to  J>,  with  dangemia 
consequences. 

310.  Methods  of  Mixing.  The  constituents cf  the  mixture  miixl !«  intiranlel] 
mingled  in  a  finely  divided  state,  and  the  governing  of  the  engine  ehould  pr<'f»r 
ably  be  accomplished  by  a  method  which  kefpa  the  proportions  at  those  of  hi^liod 
efficiency.  Variations  of  pressure  in  gas  siipgily  niniii.H  may  interpose  seriaua  dil 
ficulty  in  this  respect.  Fhictuatious  iu  tlie  lighti  which  may  be  supplied  from  thi 
same  mains  are  also  excessive  as  the  engine  load  changes.  Both  difficultly  Ul 
Bometiroes  obviated  in  small  units  by  the  use  of  a  rubLier  supply  recr-iver.  Varit 
tions  in  the  speed  of  the  engine  often  change  the  [iroportions  of  the  niixlura 
When  the  air  is  drawn  from  out  of  doors,  as  with  automobile  engines,  vanatioq 
in  the  temperature  of  the  air  alTect  the  mixture  eomt>ositian.  In  simple  types  o 
engine,  the  relative  openings  of  the  automatic  gas  and  air  inlet  vitives  am  fixd 
when  the  engine  is  installed,  and  are  not  changed  unless  the  quality  or  presMtl 
of  the  gas  changes,  when  a  new  adjustment  is  made  by  the  aid  of  the  indicator  0^ 
by  observation  of  the  exhaust.  Mechanically  operated  mixing  valvce,  usually  of  ■ 
the  "butterfly"  type,  ore  used  on  tuKh-s[ieed  engines;   these  arc  positive  to  their 
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Action.    The  use  of  separate  pumps  for  supplying  air  and  gas  permits  of  proportion- 
ing in  the  ratio  of  the  pump  displacements,  the  volume  delivered  being  constant, 
i^egardless  of  the  pressure  or  temperature.     Many  adjustable  mixing  valves  and 
carbureters  are  made,  in  which  the  mixture  strength  may  be  regulated  at  will. 
These  are  necessary  where  irregularities  of  pressure   or   temperature  occur,  but 
f^uire  close  attention  for  economical  results.     In  the  usual  type  of  carbureter  or 
^poriser,  used  with  gasoline,  a  constant  level  of  liquid  is  maintained  either  by  an 
overflow  pipe  or  by  a  float.     The  suction  of  the  engine  piston  draws  air  through  a 
nozzle,  and  the  fuel  is  drawn  into  and  vaporized  by  the  rapidly  moving  air  current. 
Kerosene  cannot  be  vaporized  without  heating  it:  the  kerosene  carbureter  may  be 
jacketed  by  the  engine  exhaust,  or  the  liquid  may  be  itself  spurted  directly  into 
the  cylinder  at  the  proper  moment,  air  only  being  present  in  the  cylinder  during 
compression.    The  presence  of  burned  gas  in  the  clearance  space  of  the  cylinder 
affects  the  mixture,  retarding  the  fiame  propagation.    The  effect  of  the  mixture 
stTBogth  on  allowable  compression  pressures  remains  to  be  considered. 

311.  Actual  Gas  Engine  Diagram.  A  typical  indicator  diagram  from 
*  good  Otto  cycle  engine  is  shown  in  Fig.  136.  The  various  lines  differ 
somewhat  from  those  established  in  Art.  28S.  These  differences  we  now 
discuss.  Figure  137  shows  the  portion  bcde  of  the  diagram  in  Fig.  133 
to  an  enlarged  vertical  scale,  thus  representing  the  action  more  clearly. 
Ihe  line  fg.  is  that  of  atmospheric  pressure,  omitted  in  Fig.  136.  We  will 
^^n  our  study  of  the  actual  cycle  with  the  compression  line. 


Fig.  136.     Arts.  311,  342,  345.— 
Otto  Engiue  ludicator  Diagram. 


Fio.  137.    Arts.  311,  32i>,  32«.— En- 
larged Portion  of  Indicator  Diagram. 


312.  Limitations  of  Compression.  It  has  been  shown  that  a  high  degree 
^^  compression  is  theoretic  ally  essential  to  economy.  In  practice,  com- 
P^'^^sion  must  be  limited  to  pressures  (and  corresponding  temperatures) 
**  "^hich  the  gases  will  not  ignite  of  themselves;  else  combustion  will 
^^Hr  before  the  piston  reaches  the  end  of  the  stroke,  and  a  backward 
^"^l>ulse  will  be  given.  Gases  differ  widely  as  to  the  temperatures  at 
^*^ich  they  will  ignite;  hydrogen,  for  example,  inflames  so  readily  that 
■^^oke  (21)  estimates  that  the  allowable  final  pressure  must  be  reduced 
®^^  atmosphere  for  each  5  per  cent  of  hydrogen  present  in  a  mixed  gas. 

The  following  are  the  average  final  gauge  compression  pressures 

^Commended  by  Lucke  (22)  :    for  (jasoline,  in  automobile  engines, 

*^  to  95  Ib,^  in  ordinary  engines,  00  to  85  Ih,  ;  iov  kerosene,  30  to  85  lb,; 

^^^  natural  yas^  75  to  ISO  lb,  ;  for  coal  gas  or  carbureted  water  gas. 
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60  to  100  lb. ;  for  producer  gae,  100  to  160  lb. ;  ftiid  for  blast  fumiue 
gas,  130  to  190  lb.  The  rani/e  of  cora]>re88ion  depends  also  upon  the 
pressure  existing  in  the  cylinder  at  the  beginning  of  compression ;  fop 
two-cycle  engines,  tliis  varies  from  18  to  21  lb.,  and  for  four-cycle 
engines,  from  12  to  14  lb.,  both  absolute. 

The  pre-compreasion  lemperafure  also  limits  the  allowable  ntiiga  beli 
point  <)f  Belt-ignition.  This  temjieratiire  is  not  that  of  tUe  piitering  gnaes,  but  it 
is  Chat  of  the  cylinder  coiit«nta  at  the  moment  n hen  compreaslon  begii 
determined  hy  the  amount  of  heat  given  to  tliB  incoming  gases  by  the  hot  cylilH 
der  walls,  and  this  depends  largely  upon  the  tlioronghnesa  of  the  water  jacketi^ 
and  the  speed  of-  the  engine.  This  accounts  for  the  mtlier  wide  ranges  of  allows 
able  corapreesion  preasures  above  given.  Usual  pre-cctn  press  ion  temperatures  am 
from  140°  to  300°  F.  "Scavenging"  the  cylinder  with  ci>!d  oir,  the  injection  ol 
water,  or  the  circulation  of  water  in  tulies  in  the  clearance  space,  may  reduce  thi& 
Usual  practice  is  to  thoronghly  jachet  all  exposed  surfaces,  including  pithmi 
and  valve  faces,  and  to  avoid  {xwkets  where  exhaust  gases  :nay  collect.  Tha 
[irimary  object  of  jacketing,  however,  is  to  keep  the  cylinder  cool,  both  fo*- 
mechanical  reasons  (e.g..  for  lubrication)  and  to  avoid  uncontrollable  expic 
the  moment  when  the  gas  reaches  the  cylinder. 

313.  Practical  Advantages  of  Compression.  Coinpres!<ion  pn'.^^^nrc')  hav« 
steadily  increased  ainci!  18yi,  and  engine  elticiencies  have  increased  coirespoudr 
ingly,  although  the  latter  gain  has  been  in  part  due  to  other  caiises.  Imprav«4' 
methods  of  ignition  have  permitted  of  this  increased  compression.  Htsidea  i' 
thermodynamic  advantage  already  diaciissed,  compression  iucreasea  the  en^ 
capacity.  lu  a  non -compressive  engine,  no  considerable  range  of  expansion  conlA' 
be  secured  without  allowing  the  final  pressure  to  fall  too  low  to  give  a  targe  work, 
area;  in  the  compressive  engine,  wide  expausion  limits  may  be  obta,ined  ftlong 
with  a  fairly  high  terminal  pressure.  Compression  reduces  the  ejcposed  cylindflC 
surface  in  proportion  to  the  weight  of  gas  present  at  maiimum  temperature,  an4' 
BO  decreases  the  loss  of  heat  to  the  walls.  The  decreased  proportion  of  cle&rane« 
space  following  the  iiae  of  compression  also  reduces  the  proportion  of  spent  g 
to  be  mixed  with  the  incoming  charge. 

314.  Pressure  Rise  during  Combustion.  In  Art.  292,  the  pressure  Pj  after 
combustion  was  assumed.  While,  for  reasons  which  will  appear,  any  compatation 
of  the  rise  of  pressure  by  ordinary  methods  is  unreliable,  the  method  should  bt 
described.  Let  H  denote  the  amount  of  heat  liberated  by  combustion,  per  pound] 
of  fuel.     Then,  Fig.  liS.  H  =  l(T^  -  T,),    r,  -  7",  =  ^  and   ^  =  ^-H  T,     Buk 


^-t-  1.     Then  Pi- 


_  /',  // 


COMPUTED  MAXIMUM  TEMPERATURE 


&)' 


315.  Compated  Mi^t*"!""  Temperature.  Dealing  now  with  the  constant 
Toliune  tuition  line  of  the  ideal  diagram,  let  the  gas  be  one  pound  of  pure 
c&cbon  monoxide,  mixed  with  just  the  amount  of  air  necessary  for  com- 
bxutioD  (2.48  lb.),  the  temperature  at  the  end  of  compression  being  1000° 
Abeolote,  and  the  pressure  200  lb.  absolute.  Since  the  heating  value  of  1 
H>.  of  CO  is  4315  B.  t.  u.,  while  the  specific  heat  at  constant  volume  of 
00,13  0.1692,  that  of  N  being  0.1737,  we  have 

4315  


e  in  temperature  =  — 


=  7265°: 


(1.57  X  0.1692)  +  (1.91  x  0.1727) 
Tla  temperature  after  complete  ignition  is  then  8265°  absolute.     The 


*^i«m,  the  pressure  decreases.  Suppose  the  volume  to  be  doubled,  the  rise 
***  temperature  being,  nevertheless,  as  computed ;  then  the  maximum  pres- 
*iJre  attained  is  826.6  lb. 
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Ro.  137o.     Art.  316.— Rise  of  Pressure  in  Practice. 
316.  Actual   Bfazima.     No  such  temperature  as  8265°  absolute  is 
attained.     In  actual  practice,  the  temperature  after  iguitioa  is  usually 
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about  3500°  absolute,  and  the  pressure  under  -100  lb.  The  rise  of  either 
is  leas  than  half  of  the  rise  theoretically  computed,  for  the  actual  air 
supply,  with  the  actual  gas  delivered.  The  discrepancy  is  least  for 
oil  fuels  and  (mixtures  being  of  proper  strength)  is  greatest  for  fm^la 
of  high  heat  value.  It  is  difficult  to  measure  the  maximum  temperature, 
on  account  of  its  extremely  brief  duration.  It  is  more  usual  to  measure 
the  pressure  and  compute  the  temperature.  This  is  bast  dons  by 
a  graphical  method,  as  with  the  indicator.  Fig.  137o  gives  tha  results 
of  a  tabulation  by  Poole  of  pressure  rises  obtained  in  usual  practice. 

317.  Explanation  of  Discrepancy-  There  are  several  reasons  for  the  diB^ree- 
ment  b<itw<!u:i  computed  mid  olistrvi:!)  rcHults.  Charles'  law  does  not  hald  rigidly 
at  high  teniperatures ;  the  specific  heats  of  gases  are  knowu  to  incresAe  with  the 
temperature  (Meyer  found  in  one  case  the  theoretical  mtiximuni  leinpemture  to 
be  reduced  from  4250°  F.  to  3»:)0°  V.  by  Uking  account  of  the  ineiyaaes  in  HprciHe 
heata  as  determined  liy  Mallard  and  Le  Cliatelier);  coinbustion  is  actually  not 
itistantaneous  througliout  the  muss  of  gas  and  some  increase  of  volume  always 
occurs ;  and  the  temperature  is  lowered  by  the  cooling  effect  of  the  cylinder  walls. 
Still  another  reason  fur  the  discrepancy  ia  suggested  in  Art.  318. 

318.  Disaociatiott.  Just  as  a  certain  maiiinum  temperature  must  be  attained 
to  ^M^rmit  of  combustion, so  a  certain  maximum  temperature  must  not  be  exceeded 
if  combustion  is  to  continue.  H  this  latter  tem[ierature  is  exceeded,  a  suppresuoD 
of  combustion  ensues.  Mallard  jind  I*  L'hateliei'  fouud  this  "dissociation  "  effect 
to  begin  at  about  3200°  P.  with  carlion  monoxide  and  at  aliout  4500°  F.  with  steam. 
Deville,  however,  found  dissociative  effects  with  steam  at  1800°  F.,  and  with  ca^ 
-bon  dioxide  at  still  lower  ten  literatures.  The  effect  of  dissociation  is  to  produce, 
at  each  t«mi<erature  within  the  critical  range  for  the  gas  in  question,  a  stable 
ratio  of  combined  to  elementary  gases,  —  e.g.  of  steam  to  oxygen  and  hydrogen,—- 
which  cannot  widely  vary.  Ko  exact  relation  between  specific  temperatures  and 
such  stable  ratio  has  yet  beeu  determined.  It  baa  been  found,  however,  that  tha 
tnaxinium  temperature  actually  attained  by  the  combustion  of  hydrogen  in  oxygen, 
is  from  3500^  to  3800"  C.  although  the  theoretical  temperature  is  al«>ut  9000"  C. 
At  constant  pressure  (the  preceding  figures  refer  to  combustion  at  constant  toI» 
lime),  the  actual  and  theoretical  figures  are  2500"  and  GOOO"  C.  respectively.  For 
hydrogen  burning  in  air,  the  figures  are  IS^iO  to  2000°,  and  .^10°  C.  DissociatioD 
here  steps  in  to  limit  the  complete  utilization  of  the  heat  in  the  fuel.  Tn  gas  en- 
gine practice,  the  temperatures  are  so  low  that  dissociation  cannot  account  for  all 
of  the  discrepancy  between  observed  and  computed  values ;  but  it  probably  plays 
a  part.     (See  Art.  127b.) 

319.  Rate  of  Flame  Propagation.  This  li»s  been  mentioned  as  a  factor  influ- 
encing the  maximum  temperature  and  pressure  attained,  Ttie  sptfed  at  wbicli 
flame  travels  in  an  inflammable  mixture,  if  nt  reet>  seldom  exceeds  0^>  ft  per  sec- 
ond. If  under  pressure  or  agitation,  pulsations  may  be  produced,  giving  rite  t« 
"explosion  waves,"  in  which  the  velocity  is  increased  and  excessive  rariatious  ia 
pressure  occur,  as  combustion  is  uioru  or  less  localized  (23).    Clerk  (24),  experi- 
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menting  on  mixtures  of  coal  gas  with  air,  found  iiiaximum  pressure  to  be  obtained 
io  niiuimum  time  when  the  proportion  of  air  to  gas  by  volume  was  5  or  6  to  1 : 
for  pure  hydrogen  and  air,  the  best  mixture  was  5  to  2.  The  Massachusetts  Insti- 
tute of  Technology  experiments,  made  witli  carbureted  water  gas,  showed  the  best 
niixtiire  to  be  5  to  1;  with  86°  gasoline,  the  quickest  inflammation  was  obtained 
when  0.0217  parts  of  gasoline  were  mixed  with  1  part  of  air;  with  76°  gasoline, 
when  0.0263  to  0.0278  parts  were  used.*  Grover  found  the  best  mixture  for  coal 
pwtobe  7  to  1 ;  for  acetylene,  7  or  8  to  1,  acetylene  giving  higher  pressures  than 
coal  gas.  With  coal  gas,  the  weakest  i^rnitible  mixture  was  15  to  1,  the  theoreti- 
cally perfect  mixture  being  5.7  to  1.  The  limit  of  weakness  with  acetylene  was  18 
*o  1.  Both  Grover  and  Lucke  (26)  have  investigated  the  effect  of  the  presence  of 
"neutrals"  (carbon  dioxide  and  nitroj^en,  derived  either  from  the  air,  the  incom- 
^^S  gases,  or  from  residual  burnt  gas)  on  the  rapidity  of  propagation.     The  re- 
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Fm.  l.'U?.     Art.  ai«)  —  Effect  of  Presence  of  Neutrals. 
(From  IIutton*B  "The  Gas  Engine/*  by  iMtnuI.ssiun  of  Juhn  Wilny  &,  Sons,  Publi»hc*rs.) 

^^^  of  Lucke's  study  of  water  gas  are  shown  in  Fig.  l:]S.  The  ordinates  show 
^^  tnaximum  pressures  obtained  with  various  proportions  of  air  and  gas.  These 
^"^  highest,  for  all  percentages  of  neutral,  at  a  ratio  of  air  to  gas  of  5  to  1 ;  but 
^^  decrease  as  the  projwrtion  of  neutral  increases.  The  experiments  indicate 
^ftt  the  speed  of  flame  travel  varies  widely  with  the  nature  of  the  mixture  and  the 

^^^iditions  of  pressure  to  which  it  is  subjected.     If  the  mixture  is  too  weak  or  too 

^^'^ong,  it  will  not  inflame  at  all,     (See  Art.  105a.) 

320.  Pistoo  Speed.  The  actual  sha|>e  of  the  ideally  vertical  ignition  line  will 
^^pend  largely  upon  the  speed  of  flame  j>rojiaj;ation  as  compared  with  the  speed 
^t  the  piston.  Figure  139,  after  Lucke,  illustrates  tliis.  The  three  diagrams  were 
^ken  from  the  same  engine  under  exactly  the  same  conditions,  excepting  that  the 
Speeds  in  the  three  cases  were  ir>(),  500,  and  7.'>0  r.  p.  m.  Similar  effects  may  be 
obtained  by  varying  the  mixture  (and  consequently  the  flame  speed)  while  keep- 
^^  the  piston  speed  constant.     High  ctmipression  causes  quick  ignition.     Throt- 


*  The  theoretical  ratio  of  air  to  C6ni4  is  47  to  1. 
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tllng  of  the  incoming  charge  increaaes  the  percentage  of  neutral  from  the  burnt 
gaaea  &□<!  retards  ignition. 
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Fm-13B,    Am.  330.  — Ignition  One 
(From  Luck.'i  "G«il 


IS  affseled  liy  Piaiou  Speed. 


321.  Point  of  Ignition.  The  spreading  of  flame  is  at  firat  slow.  Ignition  \», 
therefore,  maiie  to  occur  prior  to  the  end  of  the  alroke.,  giving  a  jirarticRlly  veiii- 
ciil  line  at  the  eml,  wlicre  inflammation  is  well  under  way.  Figure  140,  from 
Poole  (27),  shows  the  efFeots  of  change  in  the  point  of  ignition.  In  (a)  aod  (6), 
ignition  was  so  early  as  to  produce  a  negative  loop  on  the  diagram.  This  was  cor~ 
recteil  in  (c),  hut  {d)  represents  a  still  better  diagram.  In  (e)  and  (/),  ignition 
was  so  litt«  that  tlie  comparatively  high  piston  H^wed  kept  the  pressure  down,  and 
the  work  area  was  snialL  It  is  evident  tliat  too  early  a  point  of  ignition  causes  a 
backward  impulse  on  the  piston,  tending  to  slop  the  engine.  Even  though  th« 
inertia  of  the  fiy  wlieel  carries  the  piston  past  its  "  dead  point,"  a  large  ainount  of 
power  is  wastud.  The  same  loss  of  power  follows  accidental  pr*-ignition,  wliether 
due  to  eicessive  compression,  contact  wilh  liot  burnt  gases,  leakage  past  piston 
rings,  or  other  causes.    Failure  to  ignite  causes  loss  of  capacity  and  irregulnri^ 
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6>  apm-.l,  but  theoreti(>ally  at  liiaat  dom  not  aJTect  emnomy.  For  reasons  alrondy 
suggefltttl,  light  londn  (where  RoverninK  in  elTeetCfl  by  Ihrotllrng  the  supply)  mid 
weak  mixtures  call  /or  mrty  ignitimi.  Fig.  140ii,  based  on  tfwts  of  a  naturiil  tms 
engint;  repoi't«d  hy  PtKil«,  showj  thp  effect  of  a  simiiltaneouB  varying  of  mixture 
slrenKth  and  ignition  point.  The  aphtling  of  cnch  curve  at  its  left-hnnd  end  is 
due  to  the  use  of  two  mJKlure  Hlrengthe  at  10  per  cent  ignitioD  advance. 

322.  Methods  of  Isnition.  An  early  method  for  igniting  the  gas  wu  to  lue 
an  external  flame  enclosed  in  a  rotating  chamber  which  at  proper  intervals  opened 
comnmnieation  between  the  llamo  anil  the  gas.  This  arraii);ejneiit  was  apiilicubla 
to  alow  sfieeds  only,  and  fiome  gns  always  e.>icapei).  Ill  early  Otto  engines,  tlia 
escternal  flami:  with  a  sliding  valve  w;ia  used  ut  speeds  a.H  high  as  100  r.  p.  m.  (3d)> 
The  insertion  periodically  of  a  heated  plate,  once  practiced,  was  too  unceiiun. 
The  u»e  of  au  internal  flame,  us  in  the  Brayton  engine,  was  limited  in  its  applicik- 
tiou  and  introduced  an  element  of  danger.  Self-iguition  by  the  catalytic  actiiin 
of  compressed  gae  upon  spmgy  platimini  was  not  sufficiently  positive  and  reliable. 
The  use  of  an  incantleseenfc  wire,  electriciilly  heateil  and  mechanically  brought 
into  contact  with,  the  gas,  was  a  forerunner  of  modem  electrical  methods.  The 
"hot  tube"  method  is  still  iu  frequent  use,  particularly  in  Kngland.  This  in- 
volves  the  use  of  an  externally  heated  refractory  tube,  which  is  exposed  to  the  gaa 
either  intermittently  by  means  of  a  timing  valve,  or  continnously,  ignition  being 
then  controlled  by  adjusting  the  position  of  tlie  external  flame.  In  tbe  Horusby* 
Akroyd  and  Diesel  engines,  ignition  is  self-induced  by  compression  alone;  but 
external  heating  is  necessary  to  start  these  engines. 

What  is  called  "automatic  ignition"  is  illustrated  in  Fig.  151.  Here  the  external 
vaporizer  is  constantly  hot,  because  unjaclceted.  The  liq:iid  fuel  is  sprayed  into  the 
vaporiier  nhamber.  Pnro  air  only  is  taken  in  liy  the  engine  during  its  auction 
stroke.  Compremion  of  this  air  into  the  vaporizer  during  the  stroke  next  Bueeeeding 
brings  about  proper  conditions  for  eelf-i^ition. 

323.  Electrical  Methods.     The  two  modem  electrical  methods  are 

the  "  miike  and  break  "  and  "  jump  spark."  In  the  former,  an  electric 
current,  generated  from  batteries  or  a  small  d\Tiamo,  is  passed  throuq;h 
two  separable  contacts  located  in  the  cyHnder  and  connected  in  aeries 
with  a  spark  coil.  At  the  proper  instant,  the  contacts  are  separated 
and  a  spark  passes  Ix'tween  them.  In  the  jump  spark  Byatem,  an 
induction  coil  is  used  and  the  igiuter  points  are  stationary  and  from 
0.03  to  0.05  in.  apart.  A  series  of  sparks  is  thrown  between  them  when 
the  primary  circuit  is  closed,  just  before  the  end  of  the  compression 
stroke.     Occasionally  there  are  used  more  than  one  set  of  igniter  points. 

324.  Clearance    Space.    The  combustion  chamber  formed  in  the  clearance 

space  must  be  of  proper  ai^e  U>  produce  the  desired  final  pressure.  A  common 
ratio  to  piston  displncemeut  is  30  per  cent.  Hntton  has  shown  (29)  that  the  limit* 
for  beat  results  may  range  easily  from  8.7  to  56  per  cent  tArts.  295,  332). 


IGNITION  AND  EXPANSION 


385.  ffipffiTtm*  Cnfre.  Slow  inflamniation  has  beeo  Hho^m  to  rMult  in  a 
(fecrMsed  maxiniuro  preeeure  aft«r  ignition.  InfUininalion  oeeurrinc  durinit  «xpar- 
OM)  as  the  result  of  alow  spretuting  of  the  flatiie  is  callotl  "a/fer  burning."  Ideally, 
tbe  expansion  curve  should  be  adinbatin;  actually  it  falh  in  iiiuny  cfiscfl  above  li.e 
•ii-  adiabatic,  pp'"*"*— co/i»(aii(,  although  it  is  known  that  during  >M:/MiMion  from  30 
to  40  per  cent  <4  Ihe  lottd  heat  in  (Ac'  ffos  is  being 
""fitd  aicag  bg  Ae  j'actel  raler.  Figure  141  repre- 
•^i>ts  an  Eitreme  cage;  afler-buming  hits  made  the 
^ipAoaioD  line  alniobt  horizoiitAl,  ami  sonic  uiihiinit 
g»s  is  being  discharged  to  the  eihaiist.  Those  who  '''"■  "''  B„r^|i„;""  ~  """" 
'■"Id  to  the  dissociation  theory  would  explain  this 

line  ou  the  ground  that  the  gases  dissociated  during  coinbiLstion  are  gradually 
'^(nl>iDing  as  the  temperature  (alls;  but  acluitlly,  the  temperature  is  not  falling. 
*"<!  the  effect  which  we  call  after  buniiii<;  is  most  pronounced  with  weak  mix- 
tures and  at  such  low  teniperatiircs  as  do  not  p<Tmit  of  any  considerable 
amount  of  dissociation.  Practically,  duisorialion  lias  the  same  effect  as  an 
increasing  specific  heat  at  high  temperature.  It  affects  the  ignition  lint  to 
some  extent;  but  the  shape  of  the  ej-;ini«ion  tine  is  to  a  tar  greH(.T  de- 
gree deteriiitiii.-d  by  the  slow  inflammation  of  the  gases.  The  effect  of 
the  tmnsfer  of  heat  between  the  fluid  and  the  cylinder  walls  is  dis- 
issed  in  Art.  ;J47.  Tlie  actual  exponent  of  the  expansion 
'3  from  1.25  in  large  engines  to  L.SS  in  good  small 
engines,  orcasion.-dly.  however,  rising  as  high  as 
compression  curve  has 
usually  a  somewhat 
higher  exponent.  The 
adiahatic  exponent  for  s 
mixture  of  hydrocarlion 
gases  is  lower  than  that 
''^r  air  or  a  perfect  gas;  and  in  many  cases  the  nrfuti!  adiabatic.  plotted  for  the 
S>ses  used,  would  be  ahnir  the  determined  exjian.sion  line,  .'L'H  should  normally  be 
*Ipected,  in  spite  of  after  burniiig.  The  presence  of  explosion  waves  (Art.  31B) 
tnay  modify  the  shape  of  the  expansion  curve,  as  in  Fig.  142.  The  etjuivalent 
carve  may  be  plotted  as  a  mean  through  the  oscillations.  Care  must  be  taken 
not  to  confuse  thesa  vibrations  with  those  due  to  the  inertia  of  the  indicating 


-  Exploslcin  Waves. 


326     The  Eibanat  Line.     This  is 

shinvu    (i)  nil   enlarged  vertical  scalu 

as /ir.  Fig.   |;!T.      "Low   ppring''  dia- 

P».  143.    An,  3=a-M.y«  E.l.u..  V,.l,,   S''"-''' «.•.  U,rm  .„  ^«„„.dy  .^e- 

"  lost  motion  "  l>ec()iiien  present  in  llie 
ralve-actnating  gear,  and  the  tendency  of  this  is  to  vary  the  instant  of  opening 
or  cloeing  the  inlet  or  the  exhaust  valve.     The  effect  of  delayed  opening  nf  llie 

latter  is  shown  in  Fig.  143;    that   of  an  inadi'tjUTite  ixhau-t   [lawage,  in   Fii.  144. 

An  early  openuig|0[  the  exhaust  valve  may  cause  loss  also,  us  in  Pig.  145.    There 
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never  quite  equal  t 


Km.  144.    Art.  ffJO,  — Tlu'oiiluil  EsJiauat  Passngeg. 


L  loss  of  this  kind,  more  or  lesK  pronounced;  the  expansion  ratio  li 
)  the  rompvesaion  ratio.  The  exhuusr,  valve  begins  to  open 
when  the  expaiwion  stroke  it 
only  from  80  to  93  per  cent 
completed.  In  multiple  cylinder 
cngiiics  having  common  exhaust 
and  aiietion  mnins,  early  exhaust 
from  one  cylinder  may  produce 
of  pressure  during  the 
latter  purt  of  the  exhaust  stroke 
of  another.  Obstniclions  to  suction  and  diHchorg?  mnvcmenis  of  gan  are  com- 
monly classed  (ugetbcr  as  "fluid  friction."  Tliis  may  in  small  engines  amount  to 
aa  much  as  30  per  cent  of  the 
power  develojwd.  In  good 
engines  of  large  or  mcnlerate 
size,  it  should  not  exeeed  ti 
per  cent.  It  increases,  pro- 
portionately, at  light  loads: 
and  possibly  absohilely  ha 
well  it  governing  is  cfTccled 
by  throttling  the  chaise.  i'lci,  u:,.    Art.  aai.  —  Exhuusi  Valve  Oiiening  loo  Early. 

327.  Scavenging.  To  avoid  the  presence  of  burnt,  gaaes  i»  the  clear- 
ance space,  and  tlieir  suhsequeut  initigling  with  the  fresh  charge,  "scav- 
enging," or  sweeping  out  these  gase.^  from  the  cylinder,  is  sometimes  prac- 
ticed. This  may  be  accomplished  by  ine.aiis  of  a  separate  air  pump,  or  by 
adding  two  idle  strokes  to  the  four  strokes  of  the  Otto  cycle.  lu  the 
Crossley  engines,  the  air  adtnission  valve  was  opened  before  the  gas  valve, 
and  before  the  termination  of  the  exhaust  stroke,  liy  using  a  long  ex- 
haust [lipe,  the  gases  were  discharged  in  a  rather  violent  puff,  which  pro- 
duced a  partial  vacuum  in  the  cylinder.  This  in  turn  caused  a  ntsh  of 
air  into  the  clearance  space,  whinh  swept  otit  the  burnt  gases  by  the  time 
the  piston  had  reached  the  end  of  its  stroke.  Scavenging  decreases  the 
danger  of  missing  ignitions  with  weak  gas,  tends  to  prevent  pre-ignitiooi 
and  appears  to  have  reduced  the  consumption  of  fueL 

328.  The  Suction  Stroke.    This  also  is  shown  in  Fig.  1^7,  line  cd.    The  efFeot 


of  late  opening  of  the  valve  is  sliu" 
or  of  throttling  the  supply,  in  Fig, 
147.  It  the  opening  is  too  early, 
exhaust  gasM  will  enter  the  supply 
pipe.  If  closure  is  tno  early,  the 
gas  will  expand  during  the  re- 
mainder of  the  suction  stroke,  but 
B  negligible;    if 


in  Fig.  140;  that  of  au  obstrueied  pnhsitge 


too  late,  ! 


will  be  disehi 


back  to  the  supply  pijie  during 
beginning  of  the  compression 


DIAGRAM  FACTOR 


u  in  Pig.  148.  Exceasive  obsttuc- 
tion  in  the  sactioD  passages  de- 
oewea  the  capacity  of  the  engine, 
■n  a  iray  already  suggested  in  the 
■tndj  of  air  compressors  (Art.  224). 


329.   Diagram  Factor.   The 

disciKtsion  of  Art.  309  to  Art. 
328  serves  to  show  why  the 
*ork  area  of  any  actual  dia- 
P''am  must  always  be  less  than 
'*iat  of  the  ideal  diagram  for 
the  same  cylinder,  as  given  in 


^"'^S'   122.     The   ratio   of   the 

t'W'o    is     called    the  diagram 

**ct«r.     The  area  of  the  ideal  card    would  constantly  increase   as 

*^**oipre88ion  increased ;  that  of  the  actual  card  soon  reaches  a  limit 

***    this  respect;    and,  consequently,  in  general,  the  diagram  factor 

***crea9es   as   compression   increases.     Variations   in   excellence   of 

**®aign  are  also  responsible  for  variations  of  diagram  factor. 
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In  the  best  recorded  tests,  its  value  has  ranged  from  0.38  to  0.59;  in 
ordinary  practice,  the  values  given  by  Lucke  (30)  are  as  follows:  for 
kerosenef  if  previously  vaporized  and  compressed,  OSO  to  O.4O,  if  injected 
on  a  hot  tube,  0£0;  for  gasoline^  0,25  to  OSO;  for  producer  gas^  0,Jfl  to 
0,66;  for  coal  gas,  0,46;  for  carbureted  water  gas,  0.45;  for  blast  fumojce 
gas,  0.30  to  O.48;  for  natural  gas,  O.4O  to  0.62.  These  figures  are  for  four- 
cycle engines.  For  two-cycle  engines,  usual  values  are  about  20  per  cent 
less.  Figure  149  shows  on  the  PV  and  entropy  planes  an  actual  indica- 
tor diagram  with  the  corresponding  ideal  cycle. 

Some  of  the  highest  mean  effective  pressures  obtained  in  practice 
with  various  fuels,  tabulated  by  Poole,  have  been  charted  in  Fig.  148a. 


ACTUAL  DIAORAM 


IDEAL  DIAQIUM 


.N 


Fig.  149.    Art.  329.  —Actual  and  Ideal  Gas  Engine  Diagrams. 


Modified  Analysis 

329 a.    Specific  Heats  Variable.     Suppose  k  =  c-\-bt,  l  =  a-\-bt,  R 
c  —  a.     For  a  differential  adiabatic  expansion 

Idt  =  —pdv, 

(a  -f  bt)dt  ^  _  jfdv 
t  V  ' 

1-  bdt  =  —  Jx  — . 

t  V 

Also,  from  pv  =  Bt,  pdv  -\-  vdp  =  Rdt, f-  -£  =  —;  whence 

V       p       t 

dv  ,      dp  ,  ,  ,.  j^  dv 

a  - — h  «  —  -f-  bdt  =  —It  — , 
V  p  V 

(a-\-R)'^-j-a^-^  +  bdt  =  0, 
V  p 


=k-l 


(1) 
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(o  4-  J?)  log,  V  -f-  a  log^  p  4-  6<  =  constant, 
c  log,  v  +  a  log, p  -{-bt  =  constant, 

-  log,  V  +  log,  j^  4-  —  =  constant, 
a  a 

c     ht 

piyt  e'l  =  constant, 

where  e  is  the  Napierian  logarithmic  base. 

Between  given  limits,  the  approximate  value  of  n  may  be  obtained  as 
follows :   from  Equation  (1), 

a  log,^  +  6(^  -  ^,)  =  -  i?  log.  ^S 

alog.-&4-alog.-«  +  6(^2-^)  =  -«log.^S 
Pi  Vi  vi 

o  log.&  +  (a  +  /?)  log,  ^»  =  6  (^  -  «2).  (2) 

If  we  assume  an  equation  in  the  form  2h^'i^  =i>sV,''  to  be  possible,  then 


log,  ^  =  71  log,  ^. 
P2  vi 


Substituting  in  Equation  (2), 


V, 


(-  an  4-  a  -h  /?)  log,  ^  =  b(t, -  t^), 
(«  an  +  c)  log,  ^  =  b  (t^  -  t^), 


(3) 


The  external  work  done  during  the  expansion  is 

^Jldt=^-'f(a-\-bt)dt=-a(t,-t,)-'^(t^-h%  or 

Pi!liszP£!i 

where  n  has  the  value  given  in  Equation  (3). 

We  may  find  a  simple  expression  for  n  by  combining  these  equations : 

n  —  1  n  —  i  J 

n^l  + j^ (4) 

a  +  ^ih+tt) 
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The  efficiency  of  the  Otto  cycle  dc6/,  Fig.  122,  may  now  be  written 

f  {a-{-bt)dt 


dt 


H^ 


=  1 1 , 

in  which  ? (f, -  <^  +  f, -  ^)  =  log.  (M±\  =  log.  f- -^— a  relation  obtained 

by  dividing  the  equation  of  the  path  6/ by  that  of  the  path  ed. 

Following  the  method  of  Art.  169,  the  gain  of  entropy  between  the 
states  a  and  b  is,  for  example, 

ridt.C'kdt 

=jr\a  +  60f+jr*(c+607, 

=  alog.^  +  6(f.-g  +  clog.^4-K^-Oi 
=  ttlog.^*4-clog.!?t  +  6(^-y. 

Pa  '^a  \^) 

If  we  apply  an  equation  in  this  general  form  to  each  of  the  constant 
volume  paths  eby  df,  Fig.  122,  we  find 

a  logjf  +  b{t,-Q  =  a  log. J^  +6^,  - «,), 

as  already  obtained. 

329  6.  Application  of  the  Equations.  The  expression  pv^e*^  con- 
slant  is  exceedingly  cumbersome  in  application  excepting  as  t  is  employed 
independently.     If  t  is  to  be  assumed,  however,  we  may  write 

c  bt 

log.p  +  -  log,  V  -\ —  =  log,  constanty 

a  a 

c  bt 

log.  P  +  -  (log.  ^  4-  log,  t  -  log,  jj)  +  -  =  log,  constant, 
a  a 

S^H^log.p  4- -(log,  i2  +  log,  0 +  -  =  log.  constant. 
a  a  a 
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Canader  ooc  potzofii  of  air  sc  nhs-  ±heVjbiZ9'  pr^ssa^  of  lOD  EK  per 
square  ineik  umi  &  Tolnme  of  (  ctx.  ft:.  Leu  it==<(K2332T-Hi^€l>W»2i6o»l,. 
I=0.1GaOHra<X)i!)ir365iL    WefaJE 


€•=  lOX  144X  K  2.71S3*"*»=  1-5030. 

a  0.i6L3D  a       0.1(DC2 

Let  l2=30D.    Then  — *=0/)327,  loerl2=5.3,  ^iIos:,/f'hk>g^s)=  13.32. 

a  ~  a  ^    ^ 

^-^  Io5,p2=lo^lo03:-13.32-0,0327=9.61- 13.35= -3.74.     losupi 
a 

=  8.48,  log  p2=3.aSo,  p2  =  4>45  lb.  per  square  foot  *33.d3  lb,  per  square 
inch.     Also 

^/?l2^»3.36X200     ,,^^ 
P2  4.S45 

For  y=  1,44=1    '  1^.^  )  ^^  should  have  had 

Pi"Vi/  V-^o/     ' 

log  p2  =  2+  (3.27  X  -0.131)  =  1.571, 
P2 =37.23  lb.  per  square  inch, 

and  V2  = — ~=r-^^-  -  =  1.99.    ProceedinE:  in  this  way,  wt  plot  the  two 

P2      37.23  X  144 

curves   as  required.      The  y  curve  is  the  st coper  of  the  two.  and  for 

expansion  to  a  given  lower  temperature  reaches  a  point  of  considerably 

less  volume. 

By  Ekjuation  (3),  for  the  upper  of  the  two  curves,  between 

pi=100,  fi=270,  ri=l,  and  p2=3.32,  ^2  =  100,  r2=  11.14, 

-1  A4  0.0000263X170      _,  ,,     0.00451 

'*-^-*^"'0.162X2.3"b^Tni"^-^'^"    0.39    "'•''' 
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the  curve  being  somewhat  less  steep  than  the  y  curve.     This  value  of  n 
(1.43)  will  be  found  to  fit  the  whole  expansion  with  reasonable  accuracy. 
Also,  by  Equation  (4), 

_  53.36  -h  778 . 

"'  ■*•     l"  /A  nAAAO/»K  \  A ,41, 


0.162 +r5:«0f^x370) 


a  fairly  close  check  value.    If  we  take  p^  at  50  To.  p:^r  s  uarc  inch,  and 
ti  at  135®  absolute,  instead  of  the  conditions  given,  we  have, 

2>v-e»  =  50  X  144  X  1  X  2.7183" '^z  =  7360. 

If  we  let  fj  =  100^    ^  =  0.01635,  log.  ^2  =  4.6,    ~  (log. /?  + log. /,)  =  12.3, 

a  a 

?^^=^log.p2=log.7360-12.3- 0.01635  =  -3.42,  log. ;)<, =7.75,  logpjj=3.37, 
a 

o^A'>  «,      53.36  X  100      9  070 
Pj  =  2d4J,  V2  = ^^j^ —  =  J.^i  8, 

_^AA  0.0000265  X  35      _i  ,4q 

""  ■"  ^-  0.162x2.3  log  2.278  "        ' 

.  .              53.36-5-778  ^  -o 

or  n  =  l-| //^riA/\/io/*- r-=1.4J. 


0.162  + ^5:50^':^' X  235) 


The  value  of  n  is  thus  about  the  same  for  this  curve %as  for  that  formerly 
considered,  and  (approximately),  in  Fig.  122, 

?*  — t 
te     id 

If  this  relation  were  exact,  the  efficiency  of  an  Otto  cycle  would  be 
expressed  by  the  same  formula  as  that  which  holds  whtMi  the  specific 
heats  are  constant.     In  Fig.  124,  the  efficiency  of  the  strip  cycle  qk^wpis 


yrwx         t,^  tj 


t.      L      t.„      f. 


and  if  --=-  =  —  =  -,  etc.,  the  efficiency  of  the  whole  cycle  debf  is 


U     U     h     h 


t.  to  t.  t, 


f  li        t 

For  a  i)ath  of  constant  volume,  in  Equation  (5),    -  =  1,  ---  =  —,  and 

'^\  Pa      ^« 

the  gain  of  entropy  is 

alog,^-f-6(^-g,  or 

a 

('1'^=  (\a  +  ht)''^  =  a\o'iJf  +  h{t,-Q.  (6) 
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In    the    case    under    consideration,    ^^  =  270,    t„  =  135,    a  =s  0.162, 
b  =  0.0000265,  so  that  Equation  (6)  gives  for  the  path  e6, 

0.162  X  2.3  log  fif  -h  (0.0000265  x  135)  =  0.1122  +  0.0036  =  0.1158. 
If  in  Fig.  122  the  temperature  at  d  is  100°,  we  may  write 

0.1158  =  0.162  X  2.3  log  -^  +  0.0000265  («,  -  100) 

100 

=  0.372  log  t;  -  0.744  +  0.0000265  f,  -  0.00265, 

log  i^  4-  0.0000712 1^  =  2.32, 

from  which  f,  is,  nearly,  log~^  2.32,  and  t^  =  200°,  about.  In  expanding 
from  270°  to  200°,  the  volume  increased  from  1.0  to  2.21 ;  in  expand- 
ing from  135°  to  100°,  it  increased  from  1.0  to  2.28.  We  have  computed  the 
change  of  entropy  from  />  =  50,  v  =  1,  t  =  135,  to  p  =  100,  v  =  1.0,  t  =  270, 
as  0.1158.  This  must  equal  the  change  from  p  =  ^^;^  =  IG.So,  t  =  100, 
V  =  2.28,  to  p  =  33.6,  v  =  2.28,  t  =  ?  Now  for  p  =  33.6,  v  =  2.21,  it  was 
found  that  f  =  200.  Adiabatic  expansion  from  this  point  to  the  greater 
volume  2.28  means  that  t^  must  he  slightly  less  than  200°;  but  a  very 
slight  change  in  temperature  produces  a  large  change  in  volume  since  the 
isothermals  and  the  adiabatics  neaa*ly  coincide. 


Gas  Engine  Design 

330.  Capacity.  The  work  done  per  stroke  may  readily  be  computed  for  the 
ideal  cycle,  as  in  Art.  293.  This  may  be  multiplied  by  the  diagram  factor  to 
determine  the  probable  performance  of  an  actual  engine.  To  develop  a  given 
jiower,  the  number  of  cycles  per  minute  nuist  Ihj  established.  Ordinary  piston 
sjieeds  are  from  450  to  lOUO  ft.  per  minute,  usually  lying  between  550  and  800  ft., 
tlie  larger  engines  having  the  higher  speeds.  The  stroke  ranges  from  1.0  to  2.0 
times  the  diameter,  the  ratio  increasing,  generally,  with  the  size  of  the  engine. 
A  gas  engine  has  no  overload  capacity,  strictly  speaking,  since  all  of  the  factors 
entering  into  the  determination  of  its  capacity  are  intimately  related  to  its  effi- 
ciency. It  can  be  given  a  margin  of  capacity  by  making  it  larger  than  the 
computations  indicate  as  necessary,  but  this  or  any  other  method  involves  a  con- 
fldderable  sacrifice  of  the  economy  at  normal  load. 

331.  Mean  Effective  Pressure.  Since  in  an  engine  of  given  size  the  extreme 
volume  range  of  the  cycle  is  fixed,  the  menn  net  ordinate  of  the  work  area  measures 
the  capacity.  The  quotient  of  the  cycle  area  by  the  volume  range  gives  what  is  called 
the  mean  effectire  pressure  (m.  e.  p.).     In  Fig.  12*2,  it  is  ehfd  -^(F<|—  V^,),    We 

izl 

then  write  m.  e.  p.  =  IT  -^  (  F^  -  F.);  but  from  Art.  295,  IF  =  q[i  -  (^]  '  ]  »   ^ 
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being  tbe  groas  quantity  of  lieat  absorbed  in   ihe  cycle, 
nitbout  allowance  for  diagram  factor, 


333.    lUastiatlre  Problem. 

tiBo-cylinder,  doMble-aciing  enijiti 
CO,  S3.4:  N,  60;  H,  G.6;  pnrlf 
piaton  tpeed  o/SJSj^,  jier  mhiiift 
We  asfrunie  (Fig.  15fl),  /', 
=  0.48  (Arts  313.  32B). 


To  delermitie  Ihe  cylinder  dimeniions  of  a  fotir-ct/ete, 
of  BOO  hp.,  uiing  producer  ga>  (^aanimed  10  conUtul 

in  100  hif  weigit)  (Art.  SSS),al  laOr.p.vi.  and  a 

--  12,  P,  -  144.7,  Ti  =  200'=  F.,  and  diagmtu  factor 


(l\\' 


It  r,  -   Fe  =  D.     Then    Vi  =  0.2IM5  D 
=  0.2045    (Art.    a24)».      Also    'A 


^\       =  5.9.    Let  the  piston  displace- 

nd  Fi  =  1.2045  D.     The  clearance  U 

B5!J.I(  %  144.7  X  0.2045 

PiVi 


T,r 


:  1357" 


12  X  1.2045 

absolute.  The  heat  evolved  yur  pound  of  the  mixed  gas  (taking  the  caloriflo 
value  of  hydrogen  burned  U>  Nleam  as  53.400)  is  (0.3S4  k  4315) +  (0.006  x58,40C^. 
=  20218.  t.u.  The  products  of  foni- 
buation  consist  of  )}  X  0.3II4  = 
0.6I91b.ofCOi(8pecitieheat=0.10!J3), 
0.000  X  9  =  0.054  lb.  of  HaO  (steam, 
8t«cific  heat  0.37),  and  jj  (O.CIO  - 
0.394)=  0.751  l^^.  of  N  accompanying 
tbe  oxygen  introduced  to  burn  tiiu 
CO,  with  (0.O54-0.OO0)J3  =  0.1S07  lb. 
o[  N  accompanying  the  oxygen  in- 
troduced to  burn  the  II ;  and  O.OO  lb. 
of  N  originally  in  the  gas,  making  a 
total  of  1.5117  lb.  of  N  (si^cifiu  l.rait 
(1.1727).  To  raise  the  lempevatuit  of 
these  constituents  1°  F.  at  constant 
voluuie  requires  (0.818  x  0.1092)  +  (0.054x11.37)  4-  (1.5117  x  0.1727)  =  0JJ84B 
B.  t.  u.  Adding  tbe  heat  required  for  the  oloarauce  gases  always  present,  this  may 
be  taken  as  0.3849  X  1.2045  =  0,464  B.  t,  u.  The  rise  in  temrerature  T,  -  T,\a 
then  2021  -i-  0,404  =  4370°,  and  Ti  =  4370  +  1357  =  5727°  absolute.     Then 


-lttsl«ii. 


/'.  =  PA 


-  H4. 


„5727 
'l357 


-613, 


P.  = 


=  12. 


144,7 


=  60.9. 


and 

*  While  the  use  of  a  "blanket"  diagram  factor  as  in  this  Illustration  may  be  justi- 
fled,  in  any  actual  design  the  clearance  at  Icnst  must  be  ascertained  from  tbo  actual 
exponent  of  the  compression  curve.  The  design  os'a  whole,  moreover,  would  better 
be  based  on  special  assumptions  as  in  Problem  IS,  (b),  page  237. 


EN'GIXE  DESIGX  20d 

ThB  work  per  tyt^  iM 


L  a4a2  J 

=8410  Dioot  poimds. 

In  a  twixfSadet^  famr<ye^  d(Niblfr«ctiiig  ei^>De,  all  ol  th^  strokes  are  woik> 
ing  stzokst;  Uk  fooC-poands  of  watk  per  fltioke  neoessarr  to  «iepeJop  500  hp.  are 

— - — -^^ —  =  ^gOM.     The    neeessaij    piston    dispUoem^nt   per    atroke,   A   w 

55,000 '^  8410  =  d.52cu.  ft,  T1ie«(fdlris825  ^  (2  x  150)  =  2.75ft.or55ut,  Tlic 
piston  area  is  then  &52  ^  2.75  »  237  sq.  ft.  or  342  sq.  in.  The  area  of  the  water- 
eoofed  tafl  rod  may  be  about  33  aq.  in.,  so  that  the  cylinder  area  should  be  342 
+  33  =  375  sq.  in.  and  its  diatmtier  oonstequently  B1j8  in. 


3S3.  ^''^'^•*  ]>esica.  In  an  actual  design  for  the  ashamed  conditions,  over- 
load eapaeiijf  was  secored  by  as^nmii^  a  load  of  600  hp.  to  be  carried  with  20  per 
cent  excess  air  in  the  mixtore.  (.\t  theoretical  air  supply,  the  power  developed 
should  then  somewhat  exceed  600  hp.)     The  air  supply  per  pound  of  gaa  is  now 

[(0.304x11) +  (0.006x8)]  S^f  x  1,2  =  1  A>l\b, 

Of  this  amount,  0.23  x  1.422  =  0.327  lb.  is  oxygen.  The  products  of  combustion 
are  }}  x  0.394  =  0.619  lb.  CO^  0.006  x  9  =  0.054  lb.  H,0,  (1.422  -  0.327)  +  0.60 
=  1 .693  lb.  X,  and  0.327  -  (H  ^  0.394)  -  (8  x  0.006)  =  0.054  lb.  of  excess  oxygen ;  a 
total  of  2.422  lb.    The  rise  in  temperature  T^-  T^  is 

2021^1.2045 

(0.619  X  0.1692)1+  (0.054  X  0.37)  +  (1.693  X  0.1727)  +  (0.054  X  0.1551)  "  ^^  ' 

Then  7s  »  3950  +  1357  »  5307''  absolute, 

P.  =  P.^;  =  144.7^  =  569,  P.  =  P.g  =  12^^  =  47.2, 

and  the  work  per  cyde  is 

. ..  w ^  .o  r.  T(5m  X  0.C045)  ~ (47.21  X  1.2045)  -(144.7  X  0.2045)' -H(12  X  1.2045)1 
144X0ASD^ ^^^ J 

»7630  D  foot-pounds. 

600  X  33000 
The  piston  displacement  per  stroke  is  o  y  15Q  y  7630°^'^  ^"*  ^***  ^^^  n^^inder 

area  is  (8.65  -^  2.75)144  +  33  =  486  sq.  in.,  and  its  dtamehr  S4-9  tVi.     The  cylinders 
were  actually  made  23)  by  33  in.,  the  gas  composition  being  inde^iendently  assumed. 

334.  Estimate  of  Sfficiency.  To  determine  the  probable  efficiency  of  the  engine 
under  consideration :  each  pound  of  working  substance  is  supplied  with  1.422  lb. 
of  air.  Multiplying  the  weights  of  the  constituents  by  their  respective  s^iecific 
volumes,  we  obtain  as  the  volume  of  mixture  per  pound  of  gas,  31.33  cu.  ft.  at 
14.7  lb.  pressure  and  32^  F.,  as  follows  :  — 
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CO,  0.394  X    12.75    =  5.01 

H,  0.000  X  178.83    =   1.07 

N,  0.000  X     12.75    =  7.65 

Air,  1.422  x     12.387  =17.60 

31.33 
At  the  state  1,  Fig.  150,  r,  =  659.6,  Pj  =  12,  whence 

V  =  '^iPJ'a  _  659.6  X  14.7  x  31.33  _  ^.  ^ 
'       P,T,    ~  12x491.6  "^•^' 

The  piston  displaces  8.65  X  300=2595  cu.  ft.  of  this  mixture  per  minute.     The  heat 
taken  in  per  minute  is  then  2021  X  (2595  -5-  51.2)  =  102400  B,  t.  u.    The  u^k  done 

per  minute  is ==q "  26fi00  B.  I,  u.    The  efficiency  is  then  25,500  ~  102,400 

-  0.249.    An  actual  test  of  the  engine  gave  0.282,  with  a  load  somewhat  under 

__,     _.,          I      /*•  •          •    1357  —  659.6       ^v  -->.  * 
600  hp.    The  Otto  cycle  efficiency  is j^g= =  0.516.* 

« 

335.  Automobile  Engine.  To  ascertain  the  probable  capacity  and  economy  of  a 
four-cylinder,  four-cycle  J  single-acting  gasoline  engine  with  cylinders  4-  by  5  in.,  at 

1500  r.  p.  m. 

In  Fig.  150,  assume  P,  =  12,  Pg  =  84.7,  T^  =  70°  F.,  diagram  factor,  0.875 
(Arts.  312,  329).  Assume  the  heating  value  of  gasoline  at  19,000  B.  t.  u.,  and  its 
composition  as  C^H^^i  its  vapor  density  as  3.05  (air  =  1.).  Let  the  theoretically 
necessary  quantity  of  air  be  supplied. 

The  engine  will  give  two  cycles  per  revolution.     Its  active  piston  displacement 

is  then  — — - — ^^"^ ~  x  3000  =  145.5  cu.  ft.  per  minute,  which  may  be  repre- 

1728 

sen  ted  as  Fj  —  l^,  Fig.  150.     We  now  find 

°*"'  =  0.2495;   F2  =  0.2405  F, ;  0.7505  Fi  =  145.5;   Vi  =  194;   Fa  =  48.5; 


V\      \84.7/ 


Clearance  =  iM.  =  0.334  (Art.  324)  ;   T2  =  ^^-7  x  48.5  x  529.6  ^  93^0  ^^^3^,,^^ 
145.5  12  X  194 

To  burn  one  pound  of  gasoline  there  are  required  3.53  lb.  of  oxygen,  or  15.3  lb. 
of  air.  For  one  cubic  foot  of  gasoline,  we  must  supply  3.05  x  15.3  =  46.6  cu.  ft. 
of  air.     The  145.5  cu.  ft.  of  mixture  displaced  per  minute  must  then  consist  of 

*  The  actual  efficiency  will  always  be  less  than  the  product  of  the  Otto  cycle 
efficiency  by  the  diagrai"  factor.  Thus,  let  the  actual  cycle  be  described  as  1234, 
Fig.  150,  and  let  the  corresi)ouding  ideal  cycle  be  123'4'.  The  efficiencies  are, 
respectively, 

12:U        ^„^        123'4' 


/(73-  'A)      i(n'-  Ti) 

The  quotient  1234  -4-  123'4'  =  the  diagram  factor.     Then  write 

^^^'^'       X  diagram  factor  x  M=        ^^^ 


M  =  JjLuJl  >  1.0. 
Ta  -  Ta  ^ 
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lio.5  -I-  47.6  =  3.06  cu.  ft  of  gasoline  and  142.44  cu.  ft.  of  air,  at  70**  F.  and  12  lb. 

pressure.     The  specific  volume  of  air  at  this  state  is  *'>-^Q  x  ^^-7  x  12.387  ^  jg  .^g 
^  ^  491.6  X  12 

cu.  ft ;  that  of  gasolene  is  16.38  -j-  3.05  =  5.37  cu.  ft.      The  weight  of  gasoline 

used  per  minute  is  then  3.06  h-  5.37  =  0.571  lb.     The  heat  used  per  minute  is 

0^71  X  19,000  =  10,840  B.  t  u.     The  combustion  reaction  may  be  written 

CeH„  +  0i9  =  6CO2  +  7  II2O 
86  +  304  =  264  +  126 

W  =    3.06  lb.  CO,  per  lb.  CeH,4 
'gV  =    1.35  lb.  H2O  per  lb.  CgHj^ 
ii  X  W  =11.82  1b.  Nperlb.  CgH^, 

16.23  =  1.  +  15.3,  approximately. 

The  heat  required  to  raise  the  temperature  of  the  products  of  combustion  1°  F.  is 
[(3.06  X  0.1692)  -h  (1.35  X  0.37)  -h  (11.82  X  0.1727)]  0.571  =  1.746  B.  t  u.  per 
minute.  Adding  for  clearance  gas,  this  becomes  1.746  X  1.334  =  2.327  B.  t.  u. 
The  rise  in  temperature  Ti  -Tt'ia  then  10,840  ^  2.327  =  4660°,  Tt  =  4660  -}-  936 

=  5396"  absolute,  P,  =  84.7^-  =  508,  P«  -  12|~  =  72.0,  and  the  work  per  min- 

ule  i.  0.375X144[<^^-^-^>-^^'^«X»^>^-^^-^X->^-^>  +  <^^X'^^)]  =1,200,000 

1  ''(X)  (KX) 
foot-roiin<Js.    This  is  equivalent  to     '\^q —  =  IS40  B.  t.  u.  per  minute  or  to 

"^nno     ^  ^^  ^^"'^  potcer.    The  efficiency  is  1540  -;- 10,840  =  0.1J^2.    In  an  auto- 
mobile running  at  50  nules  per  hour,  ^s  would  correspond  to  50  -^  (0.571  X  60) 
IMm^es  run  per  pound  of  gasoline.  C  In  j  ractice.  the  air  supply  is  usually  incor- 

and  tne  power  and  economy  less  tEiln  those  computed. 

It  is  obvious  that  with  a  given  fuel,  the  diagram  factor  and  other  data  of 

assumption  are  virtually  fixed.     An  approximation  of  the  power  of  the  engine  may 

then  be  made,  based  on  the  piston  displacement  only.     This  justifies  in  some 

measure  the  various  rules  proposed  for  rating  automobile  engines  (30  a).     One 

d*n 
of  these  rules  is,  brake  hp.  =— 7,  wheie  n  is  the  number  of  four-cycle  cylinders  of 

2.5 

diameter  d  inches,  running  at  a  piston  speed  of  ICXK)  ft.  per  minute. 

Current  Gas  Engine  Forms 

336.  Otto  Cycle  Oil  Engines.  This  class  includes,  among  many  others,  the 
Mietx  and  Weiss,  two-cycle,  and  the  Daimler,  Pricistman,  and  Homsby-Akroyd, 
four-cycle.  In  the  last-named,  shown  in  Fig.  151,  kerowrre  til  is  irjected  by  a 
small  pump  into  the  vaporizer.  Air  is  drawn  into  the  cylinder  (hiring  the  suction 
stroke,  and  compressed  into  the  vaporizer  on  the  compression  stroke,  where  the 
simultaneous  presence  of  a  critical  mixture  and  a  hisjh  temperature  produces  the 
e]q>k)6ion.  External  heat  must  be  applied  for  starting.  Tlie  point  of  ignition  is 
determined  by  the  amount  of  compression;  and  this  may  be  varied  by  adjusting 
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the  length  of  the  connecting  rod  on  the  valve  gear.    The  engine  is  governed  bjr 
partially  throttling  the  charge  of  oil,  thua  weakening  the  mUtuire  and  the  force  of 


(Fro 
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the  cxplnaion.    The  oil  consumption  may  be  reduced  to  less  than  1  lb.  per  brake  hp. 
per  hour. 

In  the  Frieatman  engine,  an  earlier  type,  air  under  pressure  sprayed  the  oiJI 
into  a  vaporizer  kept  hot  by  the  exhaust  gases.  The  method  of  governing  was  li 
reduce  the  quantity  of  charge  without  changing  its  proportions.  A  hand  putnp^ 
■^ftnd  external  heat  for  the  vaporizer  were  necessary  in  starting.  An  indic»te<^ 
thermal  efficiency  of  O.lGo  lias  beun  obtained.  The  Daimln  (German)  engine 
uses  hot-tube  ignition  without  a  timing  valve,  the  liot  tube  sej'ving  as  a  vapori«w> 
Eitraordinarily  high  speeds  are  attained. 

337.  Modern  Gas  Engines:  the  otto.  The  present:-day  small  Otto  eugine  iaonU- 
narily  single-cylinder  and  ningle-aeting,  governing  on  the  "hit  or  niisa"  prinoipl* 
(Art.  343).  It  i.4  nsed  with  all  kinds  of  g:ia  and  with  gasoline.  Ignition  Li  eleoi 
trical,  the  cylinder  water  jacketed,  the  jitoketa  cost  separately  from  the  cylinder. 
The  FoOB  engine,  a  simple,  conipnct  form,  often  made  portable,  is  similar  in  pr 
pic.  In  the  Crossley-Otto.  a  leading  British  type,  liot-tiibe  ignition  is  used, 
the  largu  units  have  two  horizontal  oppiised  erngle-acting  cylinders.  In  tliA 
Andrews  form,  tandimi  cylinders  are  used,  the  two  pistons  being  connected  by 
external  side  rods. 
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338.  Tho  WtstlngboDM  Engine.  Tills  hnn 
InrST**  units.  Figure  15'2  sliowa  tlie  working 
di>tkV>1e  acting  engine,  repiesentiiig   tlie    inlet 


■eceiitly  been  developed  in  very 
iile  of  a  two-ry Under,  tandem, 
alvcH   on   top   of    llie  cylinders. 


Flu-  1S3.    Arts.  338,  350.  —  Westliighouge  Gas  Engine.    Twu-cyllnder  Tandem,  Fout-cfcle. 


Smaller  engines  &re  often  built  vertical,  with  one,  two,  or  three  single-acting 
cylinders.  All  of  theae  engines  are  four-cycle,  with  electric  ignition,  governing 
by  varying  the  quantity  and  projwrtiouij  of  tlie  admitted  niisture.  Sections  of 
the  cyliniler  of  the  BiYenide  horizontal,  tandem,  douhle-ai' ting  en^'iue  are  shown  in 
Fig.  153.  It  has  an  extremely  mas>ive  frame.  Tlie  Atlls-CbAlmers  engine  is  built 
in  large  units  along  similar  general  lines.  Thirty-six  of  the  latter  engines  of 
4000  fcp.  capacity  each  on  blast  furnace  gas  are  now  (lOOO)  being  constructed. 
They  weigh,  each,  about  l,r)00,000  lb.,  and  run  at  831  r.  p.  ni.  The  cylinders  are 
44  by  34  in.     Nearly  alt  are  to  bo  direct-connected  to  electric  generators. 


339.  Two-cycle  Enginea.  In  these,  the  e 
with  the  four-cycle  engine,  and  cooling  is  crm 
trqu&l  number  of  cylinders,  single-  or  cloulili.--acl 
givea  better  regulation.  The  tirst  inijiortant  t 
Clerk  ill  1880.   The  principle  was  the  same  as  tli 


[plosions  are  twice  as  frequent  as 
icqiiently  more  dilTicult.  With  an 
ing.  the  two-cycle  engine  of  course 
,vo-oyi!le  engine  was  introduced  by 
!it  of  the  engine  shown  in  Fig.  Ity. 


The  Oecbelhaneser  engine  h:ia  two  siugti'-acting  pistJins  in  one  cylin<]er.  which  a 
connected  with  cranks  at  180",  ^«  that  they  alternately  approach  toward  and 
recede  from  each  other.  The  engine  frame  is  ex<:e,tsively  Ion;.;.  Changes  in  the 
quantity  of  fuel  supplied  control  the  .-^jn'i'd.  The  Eoerting  engine,  a  double-acting 
horizontal  form,  has  tno  pumps,  one  fur  air  and  one  fur  gas.  A  "scavenging" 
charge  of  air  is  admitted  just  prior  to  the  eutrancn  of  the  gas,  sweeping  out  the 
burnt  gases  and  acting  as  a  cashion  lietween  the  incoming  charge  and  the  exhaust 
I«>rtfl.  The  engine  is  built  in  lanie  nnitn.  with  eii-ctriciil  ignition  and  compressed 
air  starting  gear.     The  sjieed  h  controlli-d  by  changing  the  mixture  proportions. 


340.    Special  Engines.     For  mi 
used,  with  gasoline  fuel.     Uccasioi 


lor  bicycle,-,  a  ^lngle  ;iir-cfH.lod  i-ylindcr  is  often 
illy,  two  cyiindi'is  are  employed.     'J'lie  engine 
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w  four^jycle  and  runs  at  high  speed.     Starting  is  effected  by  foot  power,  which 

^n  be  employed  whenever  desired.     Ignition  is  electrical  and  adjustable.     The 

speed  is  controlled  by  throttling.     Extended  surface  air-cooled  cylinders  have  also 

b^n  used  on  automobiles,  a  fan  being  employed  to  circulate  the  air,  but  the  limit 

0*  size  appears  to  be  about  7  hp.  per  cylinder.     Most  automobiles  have  water- 

^ied  cylinders,  usually  four  in  number,  four-cycle,  single-acting,  running  at 

about  1000  to  1200  r.  p.  m.,  normally.     Governing  Ls  by  throttling  and  by  chang- 

^^S  the  point  6f  ignition.    The  cylinders  are  usually  vertical,  the  jacket  water 

^^ng  circulated  by  a  centrifugal  pump,  and  being  used  repeatedly.     Both  hot-tube 

^^d  electrical  methods  of  ignition  have  been  employed,  but  the  former  is  now 

*'ii08t  wholly  obsolete.     The  number  of  cylinders  varies  from  one  to  six ;  occa- 

^'otijijjy  tjjgy  ^j^  arranged  horizontally,  duplex,  or  opposed.     Two-cycle  engines 

*^e  been  introduced.     The  fuel  in  this  country  is  usually  gasoline.     For  launch 

^S"<iie8,  the  two^ycle  principle  is  popular,  the  crank  case  forming  the  pump 

^'^a.niber,  and  governing  being  accomplished  by  throttling.     Kerosene  or  gasoline 

the  fuels. 


341.    Alcohol  Engines.     These  are  ased  on  automobiles  in  France.     A  special 

>uretor  is  employed.     The  cylinder  and  piston  arrangement  is  sometimes  that 

"klie  Oechelhaueser  engine  (Art.  339).     The  speed  is  controlled  by  varying  the 

**^tof  ignition.     In  launch  applications,  the  alcohol  is  condensed,  on  account  of 

«  ^^   ^igh  cost,  and  in  some  cases  is  not  burned,  but  serves  merely  as  a  working  fluid 

^5^    ^  **  steam  "  cylinder,  being  alternately  vaporized  by  an  externally  applied  gaso- 

,^^  *^^   flame  and  condensed  in  a  surface  condenser.     The  low  value  of  the  latent 

^^^t  of  vaporization  (Art.  360)  of  alcohol  permits  of  ** getting  up  steam"  more 

^^l>^dly  than  is  possible  in  an  ordinary  steam  engine. 


342.    Basis  of  Efficiency.     The  performances  of  gas  engines  may  be  compared 
^    "t-he  cubic  feet  of  gas,  or  pounds  of  liquid  fuel,  or  pounds  of  coal  gasified  in  the 


ucer,  per  horse  power  hour ;  but  since  none  of  these  figures  affords  any  really 

mite  basis,  on  account  of  variations  in  heating  value,  it  is  usual  to  express  the 

^mlts  of  trials  in  heat  units  consumed  per  horse  power  per  minute.     Since  one  horae 

'^i^er equals  33,000  -j-  778  =  42.42  B.  t.  u.  per  minute,  this  constant  divided  by  the 

^t  unit  consumption  gives  the  indicated  thermal  efficiency.    In  making  tests,  the 

^T^^'-all  efficiency  of  a  producer  plant  may  be  ascertained  by  weighing  the  coal. 

^   Wen  liquid  fuel  is  used,  the  engine  efficiency  can  readily  be  determined  separately. 

^^   do  this  with  gas  involves  the  measurement  of  the  gas,  always  a  matter  of  some 

.  *  •liculty  with  any  but  small  engines.     The  measurement  of  power  by  the  indicator 

^^lao  inaccurate,  possibly  to  as  great  an  extent  as  T)  jHir  cent,  which  may  be  reduced  to 

^^r  cent,  according  to  Hopkinson,  by  employing  mirror  indicators.     This  error  has 

y^^ lilted  in  the  custom  of  expressing  performance  in  heat  units  consumed  per  brake 

^^t^  power  per  hour  or  per  kw.-hr.,  where  the  engines  are  directly  connected  to 

'^^^erators.     There  is  some  question  as  to  the  proper  method  of  considering  the 

^gative  loop,  hcdey  of  Fig.  136.     By  some,  its  area  is  deducted  from  the  gross  work 

^'^a,  and  the  difference  used  in  computing  the  indicated  horse  power.     By  others, 

*^^  gross  work  area  of  Fig.  136  is  alone  considered,  and  the  "  fluid  friction  *'  losses 
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producing  the  negative  loop  are  then  classed  with  engine  friction  as  reducing 

"  mechanical  efficiency."    Various  codes  for  testing  gas  engines  are  in  use  (31 )  — 

343.  Typical  Figures.     Small  oil  or  gasoline  engines  may  easily  show  10  |-»^^t 
cent  brake  efficiency.     Alcohol  engines  of  small  size  consume  less  than  2  pt.  y^^^^^ 
brake  hp.-hr.  at  full  load  ('V2).     A  well-adjusted  Otto  engine  has  given  an  indicat>^^  ^ 
thermal  efficiency  of  0.19  with  gasoline  and  0.23  with  kerosene  (33).     Ordin^'«^    y 
producer  gas  engines  of  average  size  under    test  conditions  have  repeatedly  sho^^^^^     " 
indicated  thermal  efficiencies  of  25  to  29  per  cent.     A  Cockerill  engine  gave  30  jg>-^eT 
cent.     Hubert  (3i)  tested  at  Seraing  an  engine  showing  nearly  32  per  cent  indica'fc-^^^ 
thermal  efficiency.     Mathot  (3.>)  reports  a  test  of  an  Ehrhardt  and  Lehmer  douL^^*-  ^ 
acting,  four-cycle  000  hp.  engine  at  Heiuitz  which  reached  nearly  38  per  cent  ^ 
blast  furnace  gas  engine  gave  at  full  load  25.1  per  cent.     Expressed  in  pounds        -^^f 
coal,  one  plant  with  a  low  load  factor  gave  a  kilowatt-hour  per  1.8  lb.     In  anotK"^    ^^ 
case,  1.59  lb.  was  reached,  and  in  another,  2.97  lb.  of  wood  j>er  kw.-hr.     It  is  comn" 
to  hear  of  guarantees  of  1  lb.  of  coal  per  brake  hp.-hr.,  or  of  11,000  B.  t.  u.  in 
A  recent  test  of  a  Crossley  engine  is  reported  to  have  shown  the  result  1.13  lb- 
coal  per  kw.-hr.     Under  ordinary  running  conditions,  1.5  to  2.0  lb.  with  varys 
load  may  easily  be  realized.     Those  latter  figures  are  of  course  for  coal  burned- 
the  producer.     They  rei^resent  the  joint  efficiency  of  the  engine  and  the  product' 
The  best  results  have  been  obtained  in  (iermany.     For  the  engine  alone,  Schr^ 
is  reported  to  have  obtained  on  a  Guldner  engine  an  indicated  thermal  efficiency 
0.427  at  full  load  with  illuminating  gas  (3()). 

The  efficiency  cannot  exceed  that  of  the  ideal  Otto  cycle.     In  one  test  of 
Otto  cycle  engine  an  indicat<:?<l  thermal  efficiency  of  0.37  was  obtained,  while  M. 
ideal  Otto  efficiency  was  only  0.41.     The  engine  was  thus  within  10  per  cent 
perfection  for  its  cycle.  * 

The  Diesel  engine  has  giv(Mi  from  0.32  to  0.412  indicated  thermal  efficien 
Its  cycle,  as  has  been  shown,  pcnnits  of  higher  efficiency  than  that  of  Otto. 

344.  Plant  Efficiency.     Fi^nnvs  liave  been  given  on  coal  consumption.     Ov^^^^ 
all  efficiencies  fn;;n  fiu-l  t<»  iiulicated  work  h:ive  ranged  from 0.14  upward.     At  t:^  ^^ 
Maschinenfabrik  Winterthur,  a  consumption  of  0.7  lb.  of  coal  (13,850  B.  t.  u.)  ^  ^^^^ 
brake  hp.-hr.  at  full  load  has  been  reported  (37).     This  is  closely  paralleled  by  t-  ^  **^ 
0.285  indicated  phmt  eflieiency  on  the  (iulduer  engine  mentioned  in  Art.  343  wl»  *^  *' 
operated  with  a  suction  [irodueer  on  anthracite    coal.     At  the    Royal   Found  W."^  ' 
Wurtemburg   (3S),  0.7<S   Ih.  of  anthracite  were  burned   [K^r  Ihp.-hr.,  and  at  t-l*  ^^ 
Imperial  Post  Office,  llamlmrj^,  0.1»3  lb.  of  coke.     In  the  best  engines,  variations  <^ 
efficiency  with  reasonable  changes  of  load  ludow  the   normal  have  been  greatly 
reduced,  largely  by  improved  methods  of  governing. 

345.  Mechanical  Efficiency.  The  ratio  of  work  at  the  brake  to  net  indicated 
work  ranges  about  the  same  for  gas  as  for  steam  enginc^s  having  the  same  arrange^ 
nient  of  cylinders.     When  mechanical  efficiency  is  understood  in  this  sense,  its 

♦  At  the  present  time,  any  reported  efficiency  much  above  30  per  cent  should  be 
regarded  as  needing  authoritative  continuation 
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^^ue  is  nearly  constant  for  a  given  engine  at  all  loads,  decreasing  to  a  slight 
®*tent  only  as  the  load  is  reduced.  In  the  other  sense,  suggested  in  Art.  342,  i.e. 
the  mechanical  efficiency  being  the  ratio  of  work  at  the  brake  to  gross  indicated 
^oik(no  deduction  being  made  for  the  negative  loop  area  of  Fig.  136),  its  value 
i^ls  off  sharply  as  the  load  decreasett,  on  account  of  the  increased  proportion  of 
Quid  friction."  Lucke  gives  the  following  as  average  values  for  the  mechanical 
efficiency  in  the  latter  sense: 


EXGINK 


^-•^jge,  500  Ihp.  and  over, 
Medium,  25  to  500  Ihp., 
^»*iall,  4  to  25  Ihp., 


Mechanical  ErriciENCT 
AT  Full  Load 


Four-cycU 


0.81  to  0.80 
0.79  to  0.81 
0.74  to  0.80 


Tico-cycU 

0.63  to  0.70 
0.6 1  to  0.66 
0.63  to  0.70 


The  friction  losses  for  a  single-acting  engine  are  of  course  relatively  greater 
^«^«n  those  for  an  ordinary  double-acting  steam  engine. 

346.  Heat  Balance.     The  principal  losses  in  the  gas  engine  are  due  to 
^•l^o  cooling  action  of  the  jacket  water  (a  necessary  evil  in  present  prac- 
tice) and  to  the  heat  carried  away  in  the  exhaust.     The  arithmetical 
^^eans  of  nine  trials  collated  by  the  writer  give  the  following  percentages 
^*^presenting  the  disposition  of  the  total  heat  supplied :  to  the  jacket, 
4^.52;  to  the  exhaust,   33.15;    work,    21.87;   unaccounted   for,    6.23. 
■Ijutton   (40)    tabulates  a   large  number  of  trials,  from  which  similar 
Arithmetical  averages  are  derived  as  follows:  to  the  jacket,  37.96;  to  the 
^^haust,  29.84;  work,   22.24;    unaccounted  for,   8.6.     In  general,  the 
l^irger  engines  show  a  greater  proportion  of  heat  converted  to  work,  an 
increased  loss  to  the  exhaust  and  a  decreased  loss  to  the  jacket.     In 
"Working  up  a  "heat  balance,"  the  loss  to  the  exhaust  is  measured  by  a 
Calorimeter,  which  cools  the  gases  below  100°  F.    The  heat  charged  to 
tihe  engine  should  therefore  be  based  on  the  "  high''  heat  value  of  the 
fuel  (Arts.  561,  561a).    The  '*  work  "  item  in  the  above  heat  balance  is 
indicated  work,  not  brake  work. 

Unlike  the  jacket  water  heat  (Art.  352),  the  heat  carried  off  in  the  exhaust  gases 
is  at  fairly  high  temperature.     There  would  be  a  decide(i  gain  if  this  heat  could  be 
^ven  partly  utilized.    Suppose  the  engine  to  have  consumed,  per  hp.,  10,000  B.  t.  u. 
per  hour,  of  which  80  per  cent,  or  3000  B.  t.  u.,  passes  off  at  the  exliiiust.     At  80 
per  cent  efficiency  of  utilization,  *2400  B.  t.  u.  could  then  be  recovered.     In  form- 
ing steam  at  100  lb.  absolute  pressure  from  feed  water  at  212^  F.,  1006.3  B.  t.  u. 
Hre  needed  per  pound  of  steam.     Each  horse  power  of  the  gas  engine  would  then 
give  as  a  waste  gas  by-product  2400  -f-  1000.3  =  2.39  lb.  of  steam.     Or  if  the  steam 
plant  had  an  efficiency  of  10  per  cent,  240  B.  t.  u.  ct)uld  be  obtained  in  work  from 
the  steam  engine  for  each  horse  power  of  the  gas  enj^ine.    This  is  210  -h  2.')4r)  =  d\ 
per  cent  of  the  work  given  by  the  gas  engine.     A  much  higher  gain  would  be 
possible  if  the  steam  generated  by  the  exhaust  gases  were  used  for  heating  rather 
than  for  power  production. 
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347.  Entropy  Diagram.      When  the  PV  diagram  is  ^ven,  poinU  may  be  tmi»- 

(erred  to  the  en trupy  plane  by  iLe  formula  »^-i>a-li  logf—- +  1  hg^-r-   (Art. 

169).     The  Btal«  a  may  be  taken  al.  32°  F.  and  atmospheric  preseure;    then  the 
entropy  at  any  olher  state  6  depends  simply  upon   V^  and  Pfl.      To  find  Vg, 
must  know  the  equation  of  the  gas.    According  to  Richmond,  (41)  the  mi 
Talue  of  k  may  be  takpo  at  0.24fi  un  the  compreHBion  curve  and  at  0.20  on  the 
panHion  curve,  while  the  mean  values  of '  corresponding  at«  O-ITK  and  0.1S9.     Tba 
▼aluea  of  R  are  then  778(0.346  -  0.17(J)  =  51.48  and  778(0.280  -  0.189)=  ST.i 
The  characteristic  equations  are,  then,  I'V  =  IJ4.4tl  T  slorig  llie  comprewion  cunr 
and  PV  =  55.24  T  along  the  expansion  curve.     The  formula  gives  changes  of  e 
tropy  per  pound  ol  substance.     The  indicator  diagram  does  not  ordinarily  depict 
the  behavior  of  one  pound;  but  if   the  weight  oi   substance  used   per  cycle  be 
known,  the  Tobinies  taken  from  the  PV  diagram  may  be  converted  to  speciUc 
volumes  for  sulwtitution  in  the  formula. 

It  18  sometimes  desirable  to  study  the  TV  relations  throughout  the  cycle. 
Fig.  1J4.  let  ADCD  be  the  PV  diagram.     Let  ICF  be  any  line  of  coii*tant  volume 
interaeoting   this   diagram   at  U,  11.     By  Charles'  law,   Tg:  Tb.-.Po.Pb-     Tha 


Gas  Engine  TKOlagra 

ordiuates  JG,  JH  may  therefore  serve  to  represent  tenijieratures  as  well  as  jires- 
c  scale  aa  yet  undetermined.  If  the  ordinate  JG  represent  temittm- 
turf,  then  the  line  OG  is  a  line  of  conMaiil  prefnure.  Let  tite  preffiure  along  this 
line  on  a  7't' diagram  be  the  same  as  that  along  IG  on  a  PF  diagram.  Then 
(agaio  by  Charles'  law)  the  line  OH  is  a  line  of  conatunt  pressure  on  the  TTpIane, 
corresponding  to  the  line  fi!I  on  the  PV  plane.  Similarly,  OL  uorresponds  to 
JtfJV  and  OQ  to  RB.  Project  the  points  S,  T,  It,  B,  where  MN  and  HB  iiilenect 
the  PV  diagram,  until  ihey  intersect  OL,  OQ.    Then  pointa  U,  Q,  W,  X  tm  \ 
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points  on  the  corresponding  TV  diagram.  The  scale  of  T  is  determined  from 
the  characteristic  equation;  the  value  of  R  may  be  taken  at  a  mean  between 
the  two  given.     A  transfer  may  now  be  made  to  the  NT  plane  by  the  aid  of  the 

equiition  ni-^n^  =  /log.  ^^  +  (k  -  l)\og^  ^    (Art.    169),   in  which    7'.  =  491.6, 


2116.8 


=  12.64. 


Figure  155,  from  Reeve  (42),  is  from  a  similar  four-cycle  enijine.     The  enor- 

»K*ous  area  BACD  represents  heat  lost  to  the  water  jacket.     The  inner  dead  center 

tJhe  engine  is  at  x;  thereafter,  for  a  short 

heat  is  evidently  abstracted  from  the 

^ui<J,  being  afterward  restored,  just  as  in  the 

^^a^ae  of  a  steam  engine  (Art.  431),  because 

^liring  expansion  the  temperature  of  the  gases 

'^Ufi  below  that  of  the  cylinder  walls.  This  agrees 

the  usual  notion  that  most  of  the  heat  is 

to  the  jacket  early  in  the  expansion 

Le.   It  would  probably  be  a  fair  assumption 

oonaider  this  loss  to  occur  during  ignition^  as 

as  its  effect  on  the  diagram  is  concerned. 

gives  several   instances   in  which    the 

dve  path  resembles  xB^D;  other  in vesti- 

)r8  find  a  constant  loss  of  heal  during  expart- 

Figure  156  gives  the  PV  and  NT  dia- 

for  a  Homsby-Akpoyd  engine;  the  expan- 

line  he  here  actually  rises  above  the  iso- 

^^fcnnal,  indicative  of  excessive  after  biuming. 

Fio.  155.    Art.  ai7.  —  Gas  Engine 

848.    Methods   of  Governing.      The  Entropy  Diagram. 

^yer  exerted  by  an  Otto  cjtIc  engine 
^^^y    be    varied    in    accordance    with  the  external  load   by   various 
^^^thods;    in  order  that  efficiency  may  be  maintained,  the  governing 
^'^ottW  not  lower  the  ratio  of  pressures  during  compression.     To  ensure 

T 


N 


•N 


Fio.  136.    Art.  347.  —  Diagrams  for  IIorusby-Akroyd  Engine. 
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this,  variation  of  the  clearance,  by  mechamcal 
pockets  and  outside  conipreaaion  have  been  proposed,  but  no  practicably 
efficient  means  have  yet  been  developed.  The  speed  of  an  engine  may 
be  changed  by  vai^jing  the  point  of  ignition,  a  most  wasteful  method, 
because  the  reduction  in  power  thus  effected  is  unaccompanied  by  any 
change  whatever  in  fuel  consumption.  Equally  wasteful  is  the  use  of 
excessively  small  ports  for  inlet  or  exhaust,  causing  an  increased  nega- 
tive loop  area  and  a  consequent  reduction  in  power  whea  the  speed 
tends  to  increase.  In  engines  where  the  combustion  is  gradual,  as  in 
the  Brayton  or  Diesel,  the  point  of  cut-ofT  of  the  charge  may  be  changed, 
giving  the  same  sort  of  control  as  in  a  steam  engine. 

Three  methods  of  governing  Otto  cycle  engines  are  in  more  or  lesa 
common  use.  In  the  " liit-or-migii"  plan,  the  engine  omits  drawing  in  it8 
charge  as  the  extern.^!  load  decreases.  One  or  more  idle  strokes  ensue. 
No  toss  of  fconom-ii  residta  (at  least  from  a  theoretical  standpoint),  but  tha 
speed  of  the  engine  is  apt  to  vary  ou  account  of  the  increased  irregularity 
of  the  already  occasional  impulses.  CJoverniTig  by  changing  the  proportiona 
of  tlie  mixture  (the  total  amount  being  kept  constant)  should  apparently 
not  affect  the  compression ;  actually,  however,  the  compression  must  be 
tixed  at  a  sufRciently  low  point  to 
avoid  danger  of  pre-iguition  to  the 
strongest  prolable  mixture,  and 
thus  at  other  proportions  the  de- 
gree of  compression  will  be  lege 
than  that  uf  highest  efficiency,  A 
change  in  the  ipinntitii  oi  the  mix- 
ture, without  change  in  its  propot^ 
lions,  by  throttling  the  suction  or 
by  entirely  closing  the  inlet  valve 
toward  the  end  of  the  suctioa 
stroke,  results  in  a  decided  change) 
the  superimposed  cai'ds  being  similar  to  those 


t.  SIS,  — Effect  of 


rattling. 


of  compression  p 

shown  in  Fig.  157.  In  theory,  at  least,  the  range  of  compression  pressurea! 
would  not  bo  affected;  hut  the  variation  in  proijortion  of  clearance  gas 
present  requires  injurious  limitations  of  final  compression  in-essure,  just 
as  when  governing  ia  effected  by  variations  in  mixture  strength.  Be«dn3, 
the  rapidity  of  flame  propagation  is  strongly  influenced  by  variations 
in  the  pressure  at  the  end  of  compression. 

349.  Defects  of  Gas  Engine  Governing.  The  hit-or~miss  system  may 
be  regarded  as  entiii'ly  inapplicable  to  large  engines.  T.'ie  other 
practicable  methods  sacrifice  the  efficiency.     Further  than  this,   the 
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governing  influence  is  exerted  during  the  suction  stroke,  one  full  revolu-  • 
tion  (in  four-cycle  engines)  previous  to  the  working  stroke,  which  should 
be  made  equal  in  effort  to  the  external  load.  If  the  load  changes  during 
the  intervening  revolution,  the  control  will  be  inadequate.  Gas  engines 
tend  therefore  to  irregularity  in  speed  and  low  efficiency  under  variable 
or  light  loads.  The  first  disadvantage  is  overcome  by  increasing  the 
number  of  cylinders,  the  weight  of  the  fly  wheel,  etc.,  all  of  which 
entails  additional  cost.  The  second  disadvantage  has  not  yet  been 
overcome.  In  most  large  power  plant  engines,  both  the  quantity  and 
strength  of  the  mixture  are  varied  by  the  governor. 

350.  Construction  Details.  The  irregular  impulses  characteristic  of  the  gas 
engine  and  the  high  initial  pressures  attained  require  excessively  heavy  and 
strong  frames.  For  anything  like  good  regulation,  the  fly  wheels  must  also  be 
exceptionally  heavy.  For  small  engines,  the  bed  casting  is  usually  a  single  heavy 
piece.  The  type  of  frame  usually  employed  on  large  engines  is  illustrated  in  Fig. 
152.  It  is  in  contact  with  the  foundation  for  its  entire  length,  and  in  many  cases 
is  tied  together  by  rods  at  the  top  extending  from  cylinder  to  cylinder. 

Each  working  end  of  the  cylinder  of  a  four-cycle  engine  must  have  two  valves, 
—one  for*  admission  and  one  for  exhaust.  In  many  cases,  three  valves  are  used, 
the  air  and  gas  being  admitted  separately.  The  valves  are  poppet,  of  the  plain 
disk  or  mushroom  type,  with  beveled  seats;  in  large  engines,  they  are  sometimes 
of  the  double-beat  type,  shown  in  Fig.  153.  Sliding  valves  cannot  be  employed 
at  the  high  temperature  of  the  gas  cylinder.*  Exhaast  opening  must  always  be 
under  po^tive  control;  the  inlet  valves  may  be  automatic  if  the  speed  is  low,  but 
are  generally  mechanically  operated  on  large  engines.  All^should  be  finally  seated 
by  spring  action,  so  as  to  avoid  shocks.  In  horizontal  four-cycle  engines,  a  cam 
shaft  is  driven  from  an  eccentric  at  half  the  speed  of  the  engine.  Cams  or  eccen- 
trics on  this  shaft  operate  each  of  the  controlling  valves  by  means  of  adjustable 
oscillating  levers,  a  supplementary  spring  being  empolyed  to  accelerate  the  closing 
of  the  valves.  In  order  that  air  or  gas  may  pass  at  constant  speed  through  the 
ports,  the  cam  curve  must  be  carefully  proportioned  with  reference  to  the  varia- 
tion in  conditions  in  the  cylinder  (43).  Ilutton  (44)  advises  proportioning  of 
ports  such  that  the  mean  velocity  may  not  exceed  60  ft.  per  second  for  automatic 
inlet  valves,  90  ft.  for  mechanically  operated  valves,  and  75  ft.  for  exhaust  valves, 
on  small  engines. 

351.  Starting  Gear.  No  gas  engine  is  self-starting.  Small  engines  are  often 
started  by  turning  the  fly  wheel  by  hand,  or  by  the  aid  of  a  bar  or  gearing.  An 
auxiliary  hand  air  pump  may  also  be  emi)loycd  to  begin  the  movement.  A  small 
electric  motor  is  sometimes  used  to  drive  a  gear-faced  fly  wheel  with  which  the 
motor  pinion  meshes.  In  all  cases,  the  engine  starts  agjiinst  its  friction  load  only, 
and  it  is  usual  to  provide  a  method  for  keeping  the  exhaust  valve  open  during  part  i 
of  the  compreasion  stroke  so  as  to  decrease  the  resistance.  In  multiple-cylinder 
engines,  as  in  automobiles,  the  ignition  is  checked  just  prior  to  stopping.  A  com- 
pressed but  unexploded  charge  will  then  often  be  available  for  restarting.    In  the 

♦  The  sleeve  valve,  analogous  to  the  piston  valve  commonly  used  on  locomotives, 
has  been  successfully  developed  for  automobile  work 
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Clerk  engine,  a  supply  of  unexploded  mixture  was  tskRn  during  compreasion  from 
the  cylinder  to  a  strong  storage  tAtik,  from  which  it  could  bo  subsequently  dran-n. 
Gasoline  railway  motor  cars  are  often  staled  by  means  of  &  smokeless  powder 
cartridge  exploded  in  the  cylinder,  Modrm  larje  engines  are  alarted  by  c 
pressed  air,  furnished  by  a  direct-driven  or  independent  pump,  and  elurod  in  small 
tanks.  Recent  automobile  practice  has  developed  two  new  starting  methoils: 
(a)  By  acetylene  generated  from  calcium  carbide  and  wat«r  under  pressure*,  a 
(6)  by  an  electric  motor,  operated  from  a  storage  battery  which  is  charged  while 
the  engine  is  running.    The  Bame  battery  lights  the  ear. 

352.  Jackets.  The  use  of  water-«prav  injection  during  expanmoD  baa  bwo 
abandoned,  and  air  cooling  is  practicable  only  in  small  iizc«  '.lay,  fur  djamet«n 
less  than  5-inch).  The  cylinder,  piston,  i>i8ton  rod,  and  valves  must  usually  be 
thoroughly  water-jarketed.*  Posilive  circulution  inufll  be  provided,  and  the  w&ler 
cannot  be  used  over  afcain  unless  artificially  cooled  M  u  heat  ronsumplicni  of  200 
B.  t.  u.  per  minute  per  Ihp.,  with  a  40  per  cent  loss  In  thr  jacket,  the  theoreticil 
consumption  of  water  heated  from  80  to  160°  F  it  exactlj  1  lb.  per  Ihp.  per  minute^ 
This  is  greiitpr  than  the  water  consumption  of  a  non-eon densing  steam  plant,  but 
much  less  than  that  of  a  condensing  plant.  The  discharge  water  from  large 
is  usually  kept  below  130°  F.  In  smaller  units,  it  may  leave  the  jackets  at  as  higk 
a  temperature  aa  160°  F.  The  usual  riss  of  lempcrnfure  of  water  while  passing 
through  the  jackets  is  from  50°  !<•  11)  i°  h'.  The  circulation  may  he  produced  eithw 
by  gravity  or  by  pumping. 

353.  Possibilities  of  Gas  Power.    The  gas  eugine,  at,  a  comparatively  eftrh 

stage  in  its  developraciit,  h.ia  surpassed  the  best  steam  engines  iu  thermal  efB 
ciency.  Mechanically,  it  is  less  perfect  than  the  latter ;  and  conimercially  it  i 
regarded  as  handicapjied  by  the  ^-reatev  reliiiliility,  more  gejieral  ^eld  of  ttpplio^ 
tion,  and  much  lower  cost  (exeeptiug,  possibly,  iu  the  Inrgest  sixeaf)  ul  the  si 
engine.  The  use  of  prcKlucer  gas  for  power  elimina.tes  tlie  ooat  smoke  i 
the  stand-by  losses  of  producers  are  low;  and  gas  may  be  stored,  in  small  quanti 
ties  at  least.  The  small  gas  engine  is  quite  economical  and  may  be  kept  so.  Tfc 
small  steam  engine  is  usually  wasteful.  The  Otto  cycle  engine  regulates  badly,  I 
disadvantage  which  can  be  overcome  at  excessive  cost;  it  is  not  self-starting;  tt^ 
cylinder  must  he  cooled.  Kven  if  the  mechanical  necestdty  for  jacketing  could  III 
overcome,  the  same  loss  would  be  esjieriencyd,  the  lieat  being  then  cbitIbiI  of?  in 
the  exhaust.  The  ratio  of  expansion  is  too  low,  causing  excessivo  waste  of  tieal 
at  the  exhaust,  which,  however,  it  maypn>ve  possible  to  reclaim.  The  heat  hi  ihl 
jacket  water  is  large  in  quantity  and  low  in  temperature,  so  that  the  [>ro1k 
lem  of  utilization  is  confronted  with  the  second  law  of  therinodynamicai 
Methods  of  reversing  have  not  yet  been  worked  out,  and  no  iraportaut  mat 
applications  of  gas  power  have  been  made,  although  small  producer  plants  h 
been  installed  for  ferryboat   service   with  clutch   reversal,   and  compressed  t 

'  The  piston  need  not  be  coaled  In  sin^cle-acting  four-cycle  engines. 

t  Piston  Hpeeds  of  large  gaa  engines  may  exceeil  those  of  steam  engines.  Unlett 
special  care  is  exercised  in  the  design  of  ports,  the  efBcienr-y  will  fall  off  rapidly  with 
InDTeasing  speed.  Gas  engines  have  been  built  in  units  up  to  8000  hp  ;-2000  hp,  from 
each  of  the  tour  twin-tandem  double-acting  oylindera. 
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stored  gas  has  been  used  for  driving  river  steamers  in  France,  England,  and 
Germany. 

The  proposed  combinations  of  steam  and  gas  platiis,  the  gas  plant  to  take  the 
uniform  load  and  the  steam  units  to  care  for  fluctuations,  really  beg  the  whole 
question  of  comparative  desirability.  The  bad  "  characteristic  "  curve  —  low  effi- 
ciency at  light  loads  and  absence  of  bona  Jide  overload  capacity  —  will  always  bar 
the  gas  engine  from  some  services,  even  where  the  storage  battery  is  used  as  an 
muxiliary.  Many  manufacturing  plants  must  have  steam  in  any  case  for  process 
work.  In  such,  it  will  be  difficult  for  the  gas  engine  to  gain  a  foothold.  For  the 
utilization  of  blast  furnace  waste,  even  aside  from  any  question  of  commercial 
power  distribution,  the  gas  engine  has  become  of  prime  economic  importance. 

(A  topical  list  of  research  problems  in  gas  power  engineering,  the  solution  of 
which  is  to  be  desired,  is  contained  in  the  Report  of  the  Gas  Power  Research  Com- 
mittee of  the  American  Society  of  Mechanical  Engineers  (1910).] 

[See  the  Risumi  oj  Producer  Gas  Inveatigalions,  by  Femald  and  Smith,  Bulletin 
No.  13  of  the  United  States  Bureau  of  Mines,  1911.] 

(1)  Hutton,  The  Gas  Engine,  1903,  545;  Clerk,  Theory  of  the  Gas  Engine,  1903, 
75.  (2)  Hutton,  The  Gas  Engine,  1908,  158.  (3)  Clerk,  The  Gas  Engine,  1890, 
119-121.  (4)  Ibid.,  129.  (5)  Ibi'L,  133.  (6)  Ibid.,  137.  (7)  Ibid,,  198.  (8) 
Engineering  News,  October  4,  1906,  357.  (9)  Lucke  and  Woodward,  Tests  of 
Alcohol  Fuel,  1907.  (10)  Junge,  Power,  December,  1907.  (10  a)  For  a  fuller  exposi- 
tion of  the  limits  of  producer  efficiency  with  cither  steam  or  waste  gas  as  a  diluent, 
aee  the  author's  paper,  Trans.  Am.  Inst.  Chem.  Engrs.,  Vol.  II.  (11)  Trans.  A.  S, 
M.  E.,  XXVIII,  6,  1052.  (12)  A  test  efficiency  of  0.657  was  obtained  by  Parker, 
Holmes,  and  Campbell:  United  States  Geological  Survey,  Professional  Paper  No.  48. 
(13)  Ewing,  The  Steam  Engine,  1906,  418.  (14)  Clerk,  The  Theory  of  the  Gas  Engine, 
1903.  (15)  Theorie  und  Construction  eines  rationellen  Warmemotors.  (16)  Zeuner, 
Technical  Thermodynamics  (Klein),  1907,  I,  439.  (17)  Trans.  A.  S.  M.  E.,  XXI, 
275.  (18)  Ilnd.,  286.  (19)  Op.  cit.,  XXIV,  171.  (20)  Op.  cit.,  XXI,  276.  (21) 
Gas  Engine  Design,  1897,  33.  (22)  Op.  cit.,  p.  34  et  seq.  (23)  See  Lucke,  Trans. 
A.  S.  M.  E.,  XXX,  4,  418.  (24)  The  Gas  Engine,  1890,  p.  95  el  seq.  (25)  A.  L. 
Westcott,  Some  Gas  Engine  Calcidations  based  on  Fuel  and  Exhaust  Gases;  Power, 
April  13,  1909,  p.  693.  (26)  Hutton,  The  Gas  Engine,  1908,  pp.  507,  522.  (27) 
The  Gas  Engine,  1908.  (28)  Clerk,  op.  cit.,  p.  216.  (29)  Op.  cU.,  p.  291.  (30) 
Op.  cit.,  p.  38.  The  corresponding  usual  mean  effective  pressures  are  given  on  p.  36. 
(30  a)  See  the  author's  papers,  Commercial  Ratings  for  Interned  Combustion  Engines, 
in  Machinery,  April,  1910,  and  Design  Constants  for  Small  Gasolene  Engines,  unth 
Special  Reference  to  the  Automobile,  Journal  A.  S.  M.  E.,  September,  1911.  (31) 
ZeiU.  Ver.  Deutsch.  Ing.,  November  24,  1906;  Power,  February,  1907.  (32)  The 
EUctrical  World,  December  7, 1907,  p.  1132.  (33)  Trans.  A.S.  M.  E.,  XXIV,  1065. 
(34)  Bui.  Soc.  de  VIndustnc  Mineral,  Sor.  Ill,  XIV,  1461.  (35)  Trans.  A.  S.  M.  E., 
XXVIII,  6,  1041.  (36)  Quoted  by  Miithot,  supra.  (37)  Also  from  Mathot.  (38) 
Mathot.  supra.  (40)  Op.  cit.,  pp.  342-343.  (41)  Trans.  A.  S.  M.  E.,  XIX,  491. 
(42)  Ibid.,  XXIV,  171.  (43)  Lucke,  Gas  Engine  Design,  1905.  (44)  Op.  cU., 
483. 
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SYNOPSIS  OF  CHAPTER  XI 
The  Producer 

The  importance  of  the  gas  engine  is  largely  due  to  the  producer  process  for  making 

cheap  gas. 
In  the  gas  engine,  combustion  occurs  in  the  cylinder,  and  the  highest  temperature 

attained  by  the  substance  determines  the  cyclic  efficiency. 
Fuels  are  natural  gas,  carbureted  and  un carbureted  water  gas,  coal  gas,  coke  oven 

gas,   producer  gas,  blast  furnace  gas ;    gasoline,   kerosene,   fuel   oil,   distillate, 

alcohol,  coal  tars. 
The  ^a«  producer  is  a  lined  cylindrical  shell  in  which  the  fixed  carbon  is  converted 

into  carbon  monoxide,  while  the  hydrocarbons  are  distilled  off,  the  necessary  heat 

being  supplied  by  the  fixed  carbon  burning  to  CO. 
The  maximum  theoretical  efficiency  of  the  producer  making  power  gas  is  less  than  that 

of  the  steam  boiler.     Either  steam  or  exhaust  gas  from  the  engine  must  be  intro- 
duced to  attain  maximum  efficiency.     The  reactions  are  complicated  and  partly 

reversible. 
The  mean  composition  of  producer  gas,  by  volume,  is  CO,  19.2 ;  CO2,  9.5  ;  H,  12.4 ; 

CH4,  C2H4,  8.1;  N,  65.8. 
The  ^*  figure  of  merit "  is  tlie  heating  value  of  the  gas  per  pound  of  carbon  contained. 


Gas  Engine  Cycles 

The  Otto  cycle  is  bounded  by  two  adiahatics  and  two  lines  of  constant  volume ;  the 

engine  may  operate  in  either  the  fours frokp  cycle  or  the  two-stroke  cycle. 
In  the  two-stroke  cycle,  the  inlet  and  exhaiLst  ports  are  both  open  at  once. 

In  the  Otto  cycle,  -^*  =  ^^  and  ^^^  =  ^. 

P,      Pa  7;      Td 

Efficiency  -  T'-~-Ia  =  1  _  ^  ^A  V'  =  T*l-^-  1  _  /  ^^  T ;  it  depends  solely  on  the 

extent  of  compression. 
The  Sargent  and  Frith  cycles. 

Efficiency  uf   Atkinson   eni^ine  {isothermal   rejection   of    heat)  =  l—        "^        log*  -=7-; 

higher  than  that  of  the  Otto  eycle. 

y   'p  'r»    'p 

Lenoir  cycle  :  constdut  })rrssftn'  njcrtion  oi  heal;  eiHcien('y  =  l  — ^  ^-  -^A  —  y—— —    •* 

7/  —  Td         Tf—Td 

y   TT  rp  rp 

Brayton  cycle  :  combustion  at  constant  prrssure  ;  efficiency  =  1 ^^ -? ~ — -^  ; 

y{  h—  Jn)         Jb—  Tn 

y   y 

or,  with  complete  expansion.     "  ^  ^      ''• 

'  /» 

A  special  coini)arison  shows  tlie  Clerk  Otfn  i-mjinv  to  i^ive  a  nnioh  Ju'tjher  efficiency  th^n 

the  IJraytoii  or  Lenoir  engine,  but  that  the  Brayton  engine  gives  slightly  the  largest 

work  area. 

y  y  "y    y 

The  C7('/7i  OUo  (comi)lete  i>ressure)  eyclc  gives  an  iffirivncy  of  \—  lll^^^-^y  .1 i.*^ 

It  —    7  c  Pt  —   Pc 

intermediate  between  that  of  the  ordinary  Otto  and  the  Atkinsson. 
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*rJ(P)'--i] 

The  Diesel  cycle:  isothermal  combustion;  efficiency  —I 1-  \    <^/ —   J  , increases 

as  ratio  of  expansi4)n  decreases.  yR  T^  log«  -^ 

The  Diesel  cycle :  constant  pressure  combustion. 
The  Humphrey  internal  combustion  pump. 

Modifications  in  Practice 

The  PF  diagram  of  an  actual  Otto  cycle  engine  is  influenced  by 

(a)  proportiotis  of  the  mixture^  which  must  not  be  too  weak  or  too  strong,  and 
must  be  controllable  ; 

(fi)  maximum  allowable  temperature  after  compression  to  avoid  pre-ignition ;  the 
range  of  compression,  which  determines  the  efficiency,  dex>ends  upon  this  as 
well  as  upon  the  prc-compression  pressure  and  temperature ; 

(c)  the  rise  of  pressure  and  temperature  during  combustion;  always  less  than 

those  theoretically  computed,  on  account  of  (1)  divergences  from  Charles^ 
law,  (2)  the  variable  specific  heats  of  gases,  (3)  slow  combustion,  (4)  disso- 
ciation ; 

(d)  the  shape  of  the  expansion  curve^  usually  above  the  adiabatiCj  on  account  of 

after  burning,  in  spite  of  loss  of  heat  to  the  cylinder  wall ; 

(e)  the  forms  of  the  suction  and  exhaust  lineSj  which  may  be  affected  by  badly 

proportioned  ports  and  passages  and  by  improper  valve  action. 

Dissociation  prevents  the  combustion  reaction  of  more  than  a  certain  proportion  of 
the  elementary  gases  at  each  temperature  within  the  critical  limits. 

The  point  of  ignition  must  somewhat  precede  the  end  of  the  stroke,  particularly  with 
weak  mixtures. 

Methods  of  ignition  are  by  hot  tube,  jump  spark,  and  make  and  break. 

Cylinder  clearance  ranges  from  8.7  to  56  per  cent.     It  is  determined  by  the  compression 
pressure  range. 

Scavenging  a  the  expulsion  of  the  burnt  gases  in  the  clearance  space  prior  to  the 
suction  stroke. 

The  diagram  factor  is  the  ratio  of  the  area  of  the  indicator  diagram  to  that  of  the  ideal 

cycle. 
AxutlysiB  with  specitic  heats  variable. 

Mean  ^ective  pressure  =  — - — p — '-j^ —. 

Gas  Engine  Design 

In  designing  an  engine  for  a  given  power,  the  gas  composition,  rotative 
speed  and  piston  speed  are  assumed.  The  probable  efficiency  may  be 
estimated  in  advance.  Overload  capacity  must  be  secured  by  assum- 
ing a  higher  capacity  than  that  normally  needed ;  the  engine  will  do 
no  more  work  than  that  for  which  it  is  designed. 
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Curreat  Forma 
OUo  eyelt  oil  engines  indude  the  Mietz  and  Weiss,  tivo-cytle,  and  Ihe  Dsimler,  Priesl- 

IDOD,  and  llorosby-Akroyd,  (our-cjcle. 
Modem  forms   of  the    Otto  ijaii   engine  Include  tbe  Otto,  Foos,  CrogBley-Otlo,  arid 

Andrews. 
The  Weslinghouae,  Kiveisiile,  find  Allis-ChalDiers  engines  are  built  in  the  Inrgtu  tiztt, 
J^iBO-eyele  go*  englnt$  inoiude  the  Oechelhnueaer  and  Kuerting. 
Special  eiiglnee  are  built  lor  motor  bicycles,  nutomobllca,  and  laimclies,  and  for  butn- 

ing  alcohol. 
The  basis  of  efficiency  Is  ttio  heal  unit  mniumption  per  h<ir*e  pnvser  per  minute. 
The  mechanical  efficient^  may  be  computed  from  eitliur  ynma  or  net  indicated  work. 
Becorded  efficiencies  at  gas  engines  range  up  to  4^.7 prr  cent;  pliinl  efflrieneiea  to  0.7 

lb.  coal  per  brake  hp.-hr. 
The  mechanical  efficiency  iocreaaea  witli  the  size  of  the  eii^'ine,  and  Is  grenter  with  [Jie 

lour-Htroke  cycle. 
About  SS  per  cent  of  the  heat  supplied  is  carried  off  by  the  yackH  xrater.  and  nbout 

SS per  cent  by  the  exhaust  gaKeK,  In  ordinary  practice. 
The  entropy  diagram  may  be  cooslnicted  by  transfer  from  the  PI' or  T  I' diagrams. 
Oovtrning  is  effected 

(a)  hg  the  hit-or-miM  nu-thoil ;  ecoaonuaal,  but  unsatla factory  for  sjm^hI  regulatiou, 

(6)  6^  throttling, 

ie)  by  changing  fnif  lure  proptirtic 

In  all  cases,  the  governing  effort  ia  exerted  too  early  in  tlie  cycle, 
Oas  engines  mnst  have  heat^  framei  amtjli/  wheel*;  exhauet  valves  (and  intet  valvea 

at  liigh  speed)  must  be  merhanlcalts  operalf^  by  carefully  designed  cam*;  pro- 

Tision  must  be  made  for  starting ;  cylinders  and  oilier  exposed  parts  are  Jurketeit 

About  1  lb.  of  jacket  water  is  required  per  Ihp.-miimlc. 
Gas  engine  advantages:  high  thermal  efficiency;  elimination  of  coal  smoke  nuisance; 

stand'by  losses  are  low ;  gas  may  be  stored ;  economical  in  small  unila ;  desrrabla 

for  uliliKiug  blast  furnace  gna. 
Dtiadvantages :  mechanically  still  evolving ;  of  unproven  reliability ;  less  general  field 

ol  application;  generally  higher  first  cost;   poor  regulation;   not  self-sUining; 

cylinder  must  be  cooled  ;  low  rittio  of  expansion ;   n on- reversible ;   no  urerloatl 

capacity  ;  no  available  by-product  heat  for  process  work  in  manufacturing  plania. 
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PnnBLEMS 

r  Ideally 


1.  Compute  the  volume  of  air  Ideally  uecesBOtr  for  the  complete  combnatloti  oCl 
1  cu,  ft.  of  gasoline  vapor,  C^Hit, 

2.  Find  t^o  inaxiniuui  theoretical  efficiency,  using  pure  air  only,  of  a  power  CM- 
producer  fed  with  a  fuel  consisting  of  TO  per  ceut  of  Hxed  carbon  and  30  per  cent  oC 
volatile  hydrocarbons. 

3.  In  l*rob1em  2,  what  is  the  theoretical  efSciency  if  'ifi  per  cent  of  the  oxygen 
necessary  fur  gasifying  the  fixed  carbiin  is  funiislicd  by  Htt'sui '! 

4.  In  Problem  3,  if  the  hydrocarbons  (assiimnl  to  pass  off  unchanged)  are  half 
pure  hydrogen  aud  half  marsh  gas,  compute  the  producer  gus  ciimpoaitian  by  rolume, 
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using  specific  Yolumes  as  follows:  nitrogen,  12.75;  hydrogen,   178.83;    carbon  mon- 
oxide, 12.75;  marsh  gas,  22.3. 

5.  A  producer  gasifying  pure  carbon  is  supplied  with  the  theoretically  necessary 
amount  of  oxygen  from  the  atmosphere  and  from  the  gas  engine  exhaust.  The  latter 
consists  of  28.4  per  cent  of  CO^  and  71.6  per  cent  of  N,  by  weight,  and  is  admitted  to 
the  extent  of  1  lb.  per  pound  of  pure  carbon  gasified.  Find  the  rise  in  temperature, 
the  composition  of  the  produceil  gas,  and  the  efficiency  of  the  process.  The  heat  of 
decomposition  of  CO^  to  CO  may  be  taken  at  10,050  B.  t.  u.  per  pound  of  carbon. 

6.  Find  the  figures  of  merit  in  Problems  4  aiul  5.  (Take  the  heating  value  of  H 
at  53,400 ;  of  CH^,  at  22,500.) 

7.  In  Fig.  134,  let  ^^  =  4,  Prf  =  30  (lbs.  per  sq.  in.),  P^  =  P<,.  =Pd+10,  7^  =  3000^ 

7"^=  1000**  (absolute).     Find  the  efficiency  and  area  of  each  of  the  ten  cycles,  for  1  lb. 
of  air,  without  using  efficiency  formulas. 

8.  In  Problem  7,  show  graphically  by  the  XT  diagram  that  the  Camot  cycle  is 
t!ie  most  efficient. 

9.  What  is  the  maximum  theoretical  efficiency  of  an  Otto  four-cycle  engine  in 
which  the  fuel  used  is  producer  gas?     (See  Art.  312.) 

10.  What  maximum  temperature  should  theoretically  be  attained  in  an  Otto  en- 
gine using  gasoline,  with  a  temperature  after  compression  of  780°  F.  ?  (The  heat  liber- 
ated by  the  gasoline,  available  for  increasing  the  temperature,  may  be  taken  at  19,000 
B.  t.  u.  per  pound.) 

11.  Find  the  mean  effective  pressure  and  the  work  done  in  an  Otto  cycle  between 
v<ilume  limits  of  0.5  and  2.0  cu.  ft.  and  pre^ure  limits  of  14.7  and  200  lb.  per  square 
inch  absolute. 

12.  An  Otto  engine  is  supplied  with  pure  CO,  with  pure  air  in  just  the  theoretical 
amount  for  perfect  combustion.  Assume  that  the  dissociation  effect  is  indicated  by  the 
formula*  (1.00  — a) (6000  -  r)  =  300,  in  which  a  is  the  proportion  of  gas  that  will 
combine  at  the  temperature  J^  F.  If  the  temperature  after  compression  is  SOO**  F., 
what  is  the  maximum  temperature  attained  during  combustion,  and  what  proportion 
of  the  gas  will  bum  during  expansion  and  ejchauat^  if  tlie  combustion  line  is  one  of  con- 
stant volume  ?    The  value  of  I  for  CO  is  0.1758. 

18.  An  Otto  engine  has  a  stroke  of  24  in.,  a  connecting  rod  60  in.  long,  and  a  pis- 
ton speed  of  400  ft.  per  minute.  The  clearance  is  20  |>er  cent  of  the  piston  displace- 
ment, and  the  volume  of  the  gns,  on  account  of  the  speed  of  the  piston  as  compared 
with  that  of  the  flame,  is  doubled  during  ignition.  Plot  its  path  on  the  PV  diagram 
and  plot  the  modified  path  when  the  piston  speed  is  increased  to  800  ft.  per  minute, 
assuming  the  fiame  to  travel  at  uniform  speed  and  the  pressure  to  increiise  directly  as 
the  spread  of  the  flame.     The  pressure  range  during  ignition  is  from  100  to  200  lb. 

14.  The  engine  in  Problem  11  is  four-cycle,  twcwy Under,  double-acting,  and  makes 
100  r.  p.  m.  with  a  diagram  factor  of  0.40.     Find  its  capacity. 

15.  Starting  at  Pd  =  14.7,    ^^  =  43.4^,  71.  =  32°F.  (Fig.    122),  plot   (a)    the   ideal 
Otto  cycle  for  1  lb.  of  CO  with  the  nece.s.sary  air,  and  (6)  the  probable  actual  cycle 

^  This  is  assumed  merely  for  illustrative  purposes.  It  has  no  foimdation  and  is 
irrational  at  limiting  values. 
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modified  as  described  in  Arts.  800-328,  and  find  the  diagram  factor.     Clearance  is  25 
per  cent  of  the  piston  displacement  in  both  cases. 

16.  Find  the  cylinder  dimensions  in  Art.  332  if  the  gas  composition  be  as  given  in 
Art.  285.  (Take  the  average  heating  value  of  CH*  and  C2H4  at  22,500  B.  t.  u.  per  i)ound, 
and  assume  that  the  gas  contaiius  the  same  amount  of  each  of  these  constituents.) 

17.  Find  the  clearance,  cylinder  dimensions,  and  probable  efficiency  in  Art.  832  if 
the  engine  is  two-cycle, 

18.  Find  the  size  of  cylinders  of  a  four-cylinder,  four-cycle,  single-acting  gasoline 
engine  to  develop  30  bhp.  at  1200  r.  p.  ra.,  the  cylinder  diameter  being  equal  to  the 
stroke.  Estimate  its  thermal  efficiency,  the  theoretically  necessary  quantity  of  air 
being  supplied. 

19.  An  automobile  consumes  1  gal.  of  gasoline  per  9  miles  run  at  50  miles  per 
hour,  the  horse  power  developed  being  25.  Find  the  heat  unit  consumption  per  Ibp. 
per  minute  and  the  thermal  efficiency  ;  assuming  gasoline  to  weigh  7  lb.  per  gallon. 

20.  A  two-cycle  engine  gives  an  indicator  diagram  in  which  the  positive  work 
area  is  1000  ft. -lb.,  the  negative  work  area  90  ft.-lb.  The  work  at  the  brake  is  700 
ft. -lb.    Give  two  values  for  the  mechanical  efficiency. 

21.  The  engine  in  Problem  17  discharges  30  per  cent  of  the  heat  it  receives  to  the 
jacket.    Find  the  water  consumption  hi  pounds  per  minute,  if  its  initial  temperature 

is  72^  F. 

22.  In  Art.  344,  what  was  the  producer  efficiency  in  the  case  of  the  Guldner  en- 


300 


210 


180 


o 

CO 

ii) 

Q. 

cii 
ca 


l-»' 


CO 


3  ■ 

I 


0.20  0.10  0.60  U.80  100 

Fiu.  158.     Prob.  23.  —  Indicator  Diagram  for  Transfer. 


CUBIC  FEET 


PROBLEMS  229 

gine,  assuming  its  mechanical  efficiency  to  have  been  0.85?    If  the  coal  contained 
13,800  B.  t.  u.  per  pound,  what  was  the  coal  consumption  per  brake  hp.-hr.  ? 

28.  Given  the  indicator  diagram  of  Fig.  158,  plot  accurately  the  TV  diagram,  the 
engine  using  0.0462  lb.  of  substance  per  cycle.  Draw  the  compressive  path  on  the  NT 
diagram  by  both  of  the  methods  of  Art.  347. 

2i.  The  engine  in  Problem  17  governs  by  throttling  its  charge.  To  what  percent- 
age of  the  piston  displacement  should  the  clearance  be  decreased  in  order  that  the  pres- 
sure after  compression  may  be  unchanged  when  the  pro-compression  pressure  drops  to 
10  lb.  absolute  ?     What  would  be  the  object  of  such  a  change  in  clearance  ? 

26.   In  the  Diesel  engine,  Problem  7,  by  what  percentages  \\\\\  the  efficiency  and 

capacity  be  affected,  theoretically,  if  the  supply  of  fuel,  is  cut  off  50  per  cent  earlier  in 

y  _  Y 
the  stroke  ?     (i.«.,  cut-off  occurs  when  the  volume  is  — ^ ?  +  Va^  Fig.  184.) 

26.  Under  the  conditions  of  Art.  835,  develop  a  relation  between  piston  displace- 
ment in  cubic  inches  per  minute,  and  Ihp.,  for  four  cylinder  four-cycle  single  acting 
gasolene  engines.  Also  find  the  relation  between  cylinder  volume  and  Ihp.  if  engines 
run  at  1500  r.  p.  m.,  and  the  relation  between  cylinder  diameter  and  Ihp.  if  bore  =  stroke, 
at  1500  r.  p.  m. 

27.  In  an  Otto  engine,  the  range  of  pressures  during  compression  is  from  13  to 
130  lb.,  the  compression  curve  pt?^*^  =  c.     Find  the  percentage  of  clearance. 

28.  The  clearance  space  of  a  7  by  12  in.  Otto  engine  is  found  to  hold  6  lb.  of  water 
at  70° F.     Find  the  ideal  efficiency  of  the  engine.     (See  Art.  295.) 

29.  An  engine  uses  220  cu.  ft.  of  gas,  containing  800  B.  t.  u.  per  cubic  foot,  in  39 
minutes,  whUe  developing  12.8  hp.    Find  its  thermal  efficiency. 

80.  In  the  formula,  brake  hp.  =  '^  (Art.  335),  if  the  mechanical  efficiency  is 

0.80,  what  mean  effective  pressure  is  assumed  in  the  cylinder  ? 

81.  A  six-cylinder  four-cycle  engine,  single  acting,  with  cylinders  1(5  by  24  in., 
develops  500  hp.  at  209  r.  p.  ni.     What  is  the  mean  effective  pressure  ? 

82.  An  engine  uses  1.62  lb.  of  gasolene  (l'IOK)  B.  t.  u.  per  pound)  per  Bhp.-hr. 
What  is  its  efficiency  from  fuel  to  shaft  ?  If  it  i.s  a  2-cycle  engine  with  a  pressure  of 
60  lb.  gage  at  the  end  of  compression,  estimate  the  fd'^nl  e!hcicney. 

33.   Derive  an  expression  for  the  mean  effective  pressun-  in  Art.  '1%\, 


CHAPTER  XII 
THEORY  OF  VAPORS 

354.  Boiling  of  Water.  If  we  apply  heat  to  a  vessel  of  water  o]>en 
to  the  atmosphere,  ait  increase  of  temperature  and  a  slight  increase 
of  volume  may  he  observed.  The  inereaae  of  temperature  is  a  gain 
of  Internal  energy;  the  slight  increase  of  volume  against  the  constant 
resisting  pressure  of  the  atmosphere  represents  the  performance  of 
external  work,  the  amount  of  which  may  he  readily  computed.  After 
this  operation  has  continued  for  some  time,  a  temperature  of  212°  V. 
is  attained,  and  steam  begins  to  form.  The  water  now  gradually 
disappears.  The  steam  occupies  a  much  larger  space  than  the  wnter 
from  which  it  was  formed  ;  a  considerable  amount  of  external  work  is 
done  in  thus  augmenting  the  volume  against  atmospheric  pressure; 
and  the  common  temperature  of  the  steam  and  the  water  remains  con- 
stant at  212°  F.  during  evaporation. 

355.  Evaporation  under  Pressure-  The  same  operation  may  be 
performed  in  a  closed  vessel,  in  which  a.  pressure  either  greater  or  lees 
than  that  of  the  atmosphere  may  be  maintained.  The  water  will  now 
boil  at  some  ottier  temperature  than  212*  F. ;  at  a  lower  temperature, 
if  the  pressure  is  le»ii  titan  atmogphenc,  and  at  a  higher  temperature,  if 
greater.  The  latter  is  the  condition  in  un  ordinary  steam  boiler.  If 
the  water  he  heated  until  it  is  all  boiled  into  steam,  it  will  then  be 
possible  to  inilefiuitely  increase  tlie  temperature  of  the  steam,  &  result 
not  possible  as  long  as  any  liquid  is  present.  The  temperature  at 
which  boiling  occurs  may  range  from  32°  K.  for  a  pressure  of 
0.089  lb.  per  square  inch,  absolute,  to  42W°  F.  for  a  [iressure 
of  336  lb. ;  but  for  each  pressure  there  is  a  fixed  temperature  of 
ebullition.* 

•  A  Bliikiiig  Ulustrfttlon  is  In  the  case  o£  air,  wliich  lias  a  builiiig  point  uf  -GUT. 
at  atiuospberiL'  prosBiire.  As  we  see  "liquid  uU;"  il  is  always  boiling.  If  wt 
attempted  to  coiiflTte  it,  tlie  pressure  whicli  it  would  vxert  wimlil  he  that  corresponding 
with  the  room  temperature,  several  thoiuand  pounds  per  square  incb. 

Ujdrogea  has  au  atinospheric  boiling  point  of  —423°  F. 


SATURATED  AND  SUPERHEATED  VAPOR  231 

366.  Saturated  Vapor.  Any  vapor  in  contact  with  its  liquid  and 
in  thermal  equilibrium  (i.e.,  not  constrained  to  receive  or  reject  heat) 
is  called  a  saturated  vapor.  It  is  at  the  minimum  temperature  (that 
of  the  liquid)  which  is  possible  at  the  existing  pressure.  Its  density 
is  consequently  the  maximum  possible  at  that  pressure.  Should  it 
be  deprived  of  heat,  it  cannot  fall  in  temperature  until  after  it  has 
been  first  completely  liquefied.  If  its  pressure  is  fixed,  its  temperature 
and  density  are  also  fixed.  Saturated  vapor  is  then  briefly  definable 
as  vapor  at  the  minimum  temperature  or  maximum  density  possible 
under  the  imposed  pressure. 

357.  Superheated  Vapor.  A  saturated  vapor  subjected  to  ad- 
ditional heat  at  constant  pressure,  if  in  the  presence  of  its  liquid, 
cannot  rise  in  temperature ;  the  only  result  is  that  more  of  the  liquid 
is  evaporated.  When  all  of  the  liquid  has  been  evaporated,  or  if  the 
vapor  is  conducted  to  a  separate  vcvssel  where  it  may  be  heated  while 
not  in  contact  with  the  liquid,  its  temperature  may  be  made  to  rise, 
and  it  becomes  a  superheated  vapor.  It  may  be  now  regarded  as  an 
imperfect  gas;  as  its  temperature  increases,  it  constantly  becomes 
more  nearly  perfect.  Its  temperature  is  always  greater,  and  its 
density  less,  than  those  properties  of  saturated  vapor  at  the  same 
pressure ;  either  temperature  or  density  may,  however,  be  varied  at 
will,  excluding  this  limit,  the  pressure  remaining  constant.  At 
constant  pressure,  the  temperature  of  steam  separated  from  water 
increases  as  heat  is  supplied. 

The  characteristic  equation,  PV  =  RT^oi  ?l  perfect  gas  is  inapplicable  to  steam. 
(See  Art  390.)  The  relation  of  pressure,  volume,  and  temperature  is  given  by 
TariouB  empirical  formulas,  including  those  of  Joule  (1),  Rankine  (2),  Hirn  (3), 
Racknel  (4),  Clausius  (5),  Zeuner  (0),  and  Knoblauch  Linde  and  Jakob  (7). 
These  are  in  some  cases  applicable  to  either  saturated  or  superheated  steam. 

Saturated  Steam 
358.  Thermodynamics  of  Vapors.  The  remainder  of  this  text  is 
chiefly  coucerned  with  the  phenomena  of  vapors  and  their  application 
in  vapor  engines  and  refrigerating  machines.  The  behavior  of  vapors 
during  heat  changes  is  more  complex  than  that  of  perfect  gases. 
The  temperature  of  boiling  is  different  for  different  vapors,  even  at 
the  same  pressure ;  but  the  following  laws  hold  for  all  other  vapors 
as  well  as  for  that  of  water ; 
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"^  (1)  The  temperatures  of  the  liquid  and  of  the  vapor  in  contact  with 
it  are  the  same ; 

(2)  The  temperature  of  a  specific  saturated  vapor  at  a  specified  pres- 

sure is  always  the  same ; 

(3)  The  temperature  and  the  density  of  a  vapor  remain  constant 

during  its  formation  from  liquid  at  constant  pressure ; 

(4)  Increase  of  pressure  increases  the  temperature  and  the  density  of 

the  vapor ;  * 

(5)  Decrease  of  pressure  lowers  the  temperature  and  the  density ; 

(6)  The  temperature  can  be  increased  and  the  density  can  be  decreased 

at  will,  at  constant  pressure,  when  the  vapor  is  not  in  contact 
with  its  liquid ; 

(7)  If  the  pressure  upon  a  saturated  vapor  be  increased  without  allow- 

ing its  temperature  to  rise,  the  vapor  must  condense  ;  it  cannot 
exist  at  the  increased  pressure  as  vapor  (Art,  366).  If  the 
pressure  is  lowered  while  the  temperature  remains  constant,  the 
vapor  becomes  superheated. 

359.  Effects  of  Heat  in  the  Formation  of  Steam.  Starting  with 
a  pound  of  water  at  82^  F.,  us  a  convenient  reference  point,  the  heat 
expended  during  the  formation  of  saturated  steam  at  any  temperature 
and  pressure  is  utilized  in  the  following  ways : 

(1)  h  units  in  the  elevation  of  the  temperature  of  the  water.  If  the 
specific  heat  of  water  be  unity,  and  t  be  the  boiling  point, 
A  =  ^  —  32;  actually,  li  always  slightly  exceeds  this,  but  the 
excess  is  ordinarily  small,  f  J 

*  Since  mercury  boils,  at  atmospheric  pressure,  at  075*^  F.,  common  thennometers 
cannot  be  used  for  measuring'  tcinixTatures  higher  than  this  ;  but  by  filling  the  space  in 
the  thermoinetric  tube  above  tlie  mercury  with  gas  at  high  pressure,  the  boiling  point 
of  the  mercury  may  be  so  elevated  as  to  permit  of  its  use  for  measuring  flue  gas 
temperatures  «'xreedin<:  800    F. 

t  Accordini:  to  Harncs'  exi)erim<'nts  (8),  the  s]>ecific  heat  of  water  decreases  from 
1.0094  at  :^^  F.  to  0.<mj7;}:>  at  lOO'  F..  and  then  steadily  hiorea^es  to  1.0476  at  428**  F. 

X  In  pn^cise  ])hysical  cxperiinculation.  it  is  necessary  to  distinguish  between  the 
value  of  h  measured  above  IJJ '  F.  and  (itiuftsphcric  presstire,  and  that  measured  above 
82°  F.  and  the  correspoiidiui:  pn'ssure  iff  the  saturated  vapor.  This  distinction  is  of  no 
consequence  in  ordinary  engineering  work. 
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C2)  *^  „  ~ —   units  in  the  expansion  of  the  water  (external  work),  p 

i  i  o 

being  the  pressure  per  square  foot  and  v  and  T^the  initial  and 
final  specific  volumes  of  the  water  respectively.  This  quantity 
is  included  in  item  A,  as  above  defined ;  it  is  so  small  as  to  be 
usually  negligible,  and  the  total  heat  required  to  bring  the 
water  up  to  the  boiling  point  is  regarded  as  an  internal  energy 
change. 

(3)  e  =  *  ^      "T — ^  units  to  perform  the  external  work  of  increasing 

1  io 

the  volume  at  the  boiling  point  from  that  of  the  water  to  that  of 
the  steam,  TFbeing  the  specific  volume  of  the  steam. 

(4)  r  units  to  perform  the  disgregation  work  of  this  change  of  state 
(Art.  15)  ;  items  (3)  and  (4)  being  often  classed  together  as  L, 

The  total  heat  expended  per  pound  is  then 

ff  =  A  +  L  =  A  +  r  +  c  =  -S  +  e. 

The  yalaes  of  these  quantities  vary  widely  with  different  vapors,  even  when 
mi  the  same  temperature  and  pressure;  in  general,  as  the  }>ressure  increases,  h 
increases  and  L  decreases.  Watt  was  led  to  believe  (erroneously)  that  the  sum  of 
k  and  L  for  steam  was  a  constant;  a  result  once  described  as  expressing  "  Watt*s 
Law.*'    This  sum  is  now  known  to  slowly  increase  with  increas(i  of  pressure. 

360.   Properties  of  Saturated  Steam.     It  has  been  found  experimentally 
that  as  Pf  the  pressure,  increases,  t,  h,  e,  and  H  increase,  while  r  and  L 
These  various  quantities  are  tabulated  in  what  is  known  as  a 
Uble.* 


•  Bognault^s  experiments  were  the  foundation  of  the  steam  tables  of  Rankine  (9), 
Zemier  (10),  and  Porter  (11).  The  last  named  have  boon  rej^nled  as  extnmely  accu- 
rate, and  were  adopted  as  standard  for  iLse  in  reporting  trials  of  steam  boilers  and 
pumping  engines  by  the  American  Society  of  Mechanical  Enjrineers.  Thoy  do  not 
give  all  of  the  thermal  properties,  however,  and  have  therefore  bfen  unsiitisfactory  for 
some  purposes.  The  tables  of  Dwelshauevers-Dery  (12)  were  based  on  Zeuner's ; 
Boers  tables,  originally  published  in  Weisbach's  Mechanics  (13;,  on  Hankine's. 
Feabody's  tables  are  computetl  directly  from  Regnault's  work  (14).  The  principal 
differences  in  these  tables  were  due  to  some  uncertainty  as  to  the  specific  v(»lume  of 
steam  (15).  The  precise  work  of  Ilolboni  and  Ilennin^  (IG)  on  the  ]>ressure-tempeni- 
tore  relation  and  the  adaptation  by  Davis  (17)  of  recent  experiments  on  the  specilic 
heat  of  superheated  steam  to  the  detenninati<»n  of  the  tota*l  heat  of  saturattMl  steam 
(Art.  388)  have  suggested  the  possibility  of  steam  tables  of  ^^reater  accunu-y.  The 
most  recent  and  satisfactory  of  these  is  that  of  Marks  and  Davis  (is),  values  from 
which  are  adopted  in  the  remainder  of  the  present  text.     (See  pp.  247,  248  ) 
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Our  original  knowledgo  of  these  values  was  derived  from  the  c 
prebensive  experiments  of  Repiault,  whose  empirical  formula  (or  the 
total  heat  of  saturated  steam  was  //  =  10S1.94  +  0.305(.     The  rerejil 
investigations  of  Davis  (.17)  show,  liowever,  that  a  more  accurate  ex- 
pression is 

ir  =  1150.3-l-0.37i5((-212)-0.00055(/-212)a  (Art.  3S8). 

(The  total  heat  at  212°  F.  is  represented  by  the  value  11.50.3.)     Barne^B^ 
and  other  determinations*  of  the  specific  heat  of  water  permit  of  the  com— ^- 
putation  of  A;  and  L=H—  h.    The  value  of  e  may  be  directly  ealculattw 
if  the  volume  W  is  known,  and  r=L—e.    The  value  of  r  has  a  straJgh  -i 
line   relation,   approximately,   with   the   temperature.     This   may 
expressed  by  the  formula  r  =  1001.3- 0.79  (°  F.     The  method  oE  derive 
ing  the  steam  volume,  alwaj's  tabulated  with  these  other  themiM 
properties,  will  be  considered  later.     When  saturated  ateam  is  com 
densed,  all  of  the  heat  quantities  mentioned  are  emitted  in  the  revera  _ 

order,  so  to  speak.  Regnault's  experiments  were  in  fact  made,  Ttixz^.*\0^ 
by  measuring  the  heat  absorbed  during  evaporation,  but  that  emitie-^^^i^ 
during  condensation.  Items  A  and  r  are  both  internal  energj'  cffepta-:*""ts; 
they  are  sometimes  grouped  together  and  indicsiK'd  by  the  symbol  /"^.  ^i 
whence  H=E  +  e.  The  change  of  a  liquid  to  its  vapor  furnishes  thr^-*th( 
best  possible  example  of  what  is  meant  by  disgregation  work.  If  theiB  ^*^en 
is  any  difficulty  in  conceiving  what  such  work  is,  one  has  but  to  coir«~M'<^ni 
pare  the  numerical  values  of  L  and  r  for  a  given  pressure.  Whi^-MiJ  ha 
becomes  of  the  difference  between  L  and  e?  The  quantity  L  is  otte^-:*'-^' 
called  the  latent  heat,  or,  more  correctly,  ilie  latent  heat  of  evaporw"^*^" 
tion.  The  "  heat  in  the  water  "  referred  to  in  the  steam  tables  is  k  ^  ^ 
the^ "  heat  in  the  steam  "  is  H,  also  called  the  total  heat. 

361,  Factor  of  Evaporation.     In  order  to  compare  the  total  expe*^^**^"' 
ditures  of  heat  for  producing;  saturated  sleam  under  utilike  concfc**^"'" 
tions,  we  must  know  the  teniperalure  T,  other  than  32°  F.   (Ar*^ 
359),  at  which  the  water  is  received,  and  the  pressure  p  at  whic 
Bteam  is  formed  ;  for  as  T  increases,  A  decreases ;  and  as  p  increas^^-* 
S  increases.     This  is  of  mueh  importance  in  comparing  the  result  ~ 
of  steam  boiler  trials.     At  14.7  lb.  (atmospheric)  pressure,  for  e  ■ 
ample,  with  water  initially  at  the  boiling  point,  212°  V..  A  =>  0  an 
fl"=X  =  970.4  (from  the   table,  p.  2^7  J.     These  are  the  conditio^*'* 
adopted  as  standard,  and  with  which  actual  evaporative  performono^'^ 
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5    compared.     Evaporation  under  these  conditions  is  described  as 
ing 

(a  feed  water  temperature  of)  and  at  (a  pressure  correspond- 
ing to  the  temperature  of)  212"*  F. 

^as,  for  p  =  200,  we  find  L  =  848,2  and  A  =  354.9 ;  and  if  the  tem- 
x*»ture  of  the  water  is  initially  190°  F.,  corresponding  to  the  heat 
tents  of  157.9  B.  t.  u., 

JJ=  L  +  (354.9  -  157.9)  =  843.2  +  197  =  1040.2. 


^«  ratio  of  the  total  heat  actually  utilized  for  evaporation  to  that 

"from  and  at  212''  F."  is  called  the  factor  of  evaporation. 

**^     this  instance,  it  has  the  value  1040.2  -s-  970.4  =  1.07.     Generally, 

**    Jj^  h  refer  to  the  assigned  pressure,  and  Ay  is  I  he  heat  correspond- 

^'^^g'  to  the  assigned  temperature  of  the  feed  water,  then  the  factor  of 

^'^'"5=^poration  is 

F=[L-\-  (A-AJ]h-970.4. 

,^  362.   Pressure-temperature  Relation.     Kegnault  gave,  as  the  result  of  his  ex- 

^^^8tive  experiments,  thirteen  temperatures  corresponding  to  known  pressures 
saturation.     These  range  from  —  82^  C.  to  2*20^  C.     He  expressed  the  relation 
four  formuhis   (Art   19);  and  no  less  than  fifty  formulas  have  since  been 
''^•iaed,  representing  more  or  less  accurately  the  same  ex[>eriments.     The  deter- 
■^'•lations  made  by  Holborni  and  Henning  (16)  agree  closely  with  those  of  Reg- 
Xilt;  as  do  those  by  Wiebe  (19)  and  Thiesen  and  Scheel  (20)  at  temperatures 
ow  the  atmospheric  boiling  point. 

The  steam  table  shows  that,  beginning  at  32°  F.,  the  pressure  rises  with  the 

^^^perature,  at  first  slowly  and  afterward  much  more  rapidly.     The  fact  that 

t  increases  of  temperature  accompany  large  increases  of  pressure  in  the  working 

of  the  range  seems  fatal  to  the  development  of  the  engine  using  saturated 

,  the  high  temperature  of  heat  absorption  shown  by  Carnot  to  be  essential 

efficiency  being  unattainable  without  the  use  of  pressures  mechanically  objection- 


A  recent  formula  for  the  relation  between  pressure  and  temperature  is  {Power , 

-^arch  8,  1910) 

1 

/  =  200p*-102, 

^>^  which  /  is  the  Fahrenheit  temperature  and  p  the  pressure  in  pounds  per  square 
^^ch.    This  has  an  accuracy  within  1  °  or  so  for  usual  ranges. 
Marks  gives  (Jour.  A.  S,  M.  E.,  XXXill,  5)  the  equation, 

log  p  =  10.515354 -"^^^y^^  -0.00405096  T-f  0.000001392964  T\ 

T  being  absolute  and  p  in  pounds  per  square  inch.    This  has  an  established  accuracy 
within  i  of  1  per  cent  for  the  whole  range  of  possible  temperatures. 
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363,     Pressure  and  Volume,     F&irbnim  and  Tate  asFertaJncd  experimentally 

in  1860  tlip  raUiion  h(>tw(*n  prPMsiire  uml  volume  at.  a  few  pointH;  some  experi- 
menta  were  made  by  Hirn;  and  Batlelli  has  fcportwl  resulls  which  have  been 
examined  by  Tumlirz  (21)  who  gives 

BT 


whpj«  p  is  in  pounds  per  equare  inch,  « =0.356,  fi  =0.5962  and  T  u 


More  recent  eicperinienLs  by  Knoblauch,  Linde,  and  Klcbe  {1905)  (22)  give 
the  fonnuk 

p.=0.5962  T-p(l+0.O0I-l  /,)  O^''^-^ -O.OSii)  , 

in  whirh  p  is  in  pounds  per  square  inch,  v  in  cubic  feet  per  pound,  and  T  in  degrees 
tU>soIute, 

Goodenough'e  modified  forni  of  this  equation  is  more  convcnieDt: 

in  which  ^  =  0,596.1,  log  m  =  13.67933,  n=5,  c  =  0.088,  a  =  00006. 
A  simple  empirical  formula  isthatof  Rankine,  PV'i  =  constant,  or  that  of  Zeaner, 
PK''***' =  constant.  These  forms  of  eiprassion  must  not  be  confused  with  the 
PF"  =  c  equation  for  various  polytropic  jialhf.  An  iiidin-ct  method  of  determin- 
ing the  volume  of  naturated  steam  is  to  observe  the  value  of  some  thermal  pro|>- 
erty,  tike  the  latent  heat,  per  pouuil  and  per  culik'foot,  at  the  same  pressure. 

The  incompleteness  of  experimental  determinations,  with  tlie  diffi^ 
culty  in  all  cases  of  ensuring  experimental  accuracy,  have  led  to  tbe  use  of 
analytical  methods  (Art.  368)  for  computing  the  specific  volume.  Tbe 
values  obtained  agree  cloaely  with  those  of  Knoblauch,  Linde,  and  Klebe. 

364.  Wet  Steam.  Even  when  saturated  steam  is  separiited  from 
the  mass  of  water  from  which  it  has  been  produced,  it  nearly  always 
contains  traces  of  water  in  suspension.  The  presence  of  this  water 
produces  what  is  described  as  vet  steam,  the  wetness  being  an  indi- 
cation of  incomplete  evaporation.  Superheated  steam,  of  course, 
cannot  be  wet.  Wet  steam  is  still  saturated  steam  (,\rt.  356);  the 
temperature  and  density  of  the  steam  aie  not  affected  by  the  pres- 
ence of  water. 

The  suspended  water  must  be  at  the  same  temperature  as  the 
eteam;  it  therefore  contains,  per  pound,  iidopling  the  symbols  of 
Art.  359,  h  units  of  heat.  lu  the  total  mixture  of  steam  and  water, 
then,  the  proportion  of  steam  being  x,  «e  write  for  L,  xL \  for  r,  xr ; 
for  e, x6  J  for  E,xr  +  h;  while, h  remaining  unchanged,  S  =h  +  xL, 
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The  factor  of  evaporation  (Art.  Wl^,  wetness  considered,  must  be 
correspondingly  reduced  ;  it  is  F=lxL  -f  (A  —  Aq^]  "*"  ^"0«4. 

Tlie  specific  volume  of  wet  steam  is  W^=  V-\-jr(  W—  V)=xZ-\-  V^ 
where  Z=  W-  V.  For  dry  steam,  x=  1,  and  W„  =  T-f  (  W-  V)  =  W. 
The  error  involved  in  assuming  W,f.=  xW'ia  usually  inconsiderable, 
since  the  value  of  V  is  comparatively  small. 

365.  Limits  of  Existence  of  Saturated  Steam.  In  Fig.  160,  let 
ordinates  represent  temperatures,  and  abscissas,  volumes.  Then  ab 
is  a  line  representing  possible  condi-  t 
tions  of  water  as  to  these  two  proper- 
ties, which  may  be  readily  plotted  if 
the  specific  volumes  at  various  tem- 
peratures are  known ;  and  cd  is  a 
similar  line  for  steam,  plotted  from  the 
values  of  IT  and  t  in  the  steam  table. 
The  lines  ab  and  cd  show  a  tendency 
to  meet  (Art.  379).  The  curve  cd  is 
called  the  curve  of  saturation,  or  of  con- 
stant steam  weight;  it  represents  all  possible  conditions  of  constant 
weight  of  steam,  remaining  saturated.  It  is  7iot  a  path,  although 
the  line  ab  is  (Art.  3G3).  States  along  ah  are  those  of  liquid;  the 
area  bade  includes  all  wet  saturated  states ;  along  dc^  the  steam  is 
dry  and  saturated;  to  the  right  of  dc^  areas  include  superheated 
9tates. 


(•OTMtNMAL 


39"  V  , 
— 33'F 
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Fig.  lU).     Arts.  3<k>,  3«6, 37<>.  —  Paths 
of  Steam  F'ormation. 


366.  Path  during  Evaporation.  Starting  at  32°,  the  path  of  the 
substance  during  heating  and  evaporation  at  constant  pressure  would 
be  any  of  a  series  of  lines  aef^  aJdy  etc.  The  curve  ah  is  sometimes 
called  the  locus  of  boiling  points.  If  superheating  at  constant  pres- 
sure occur  after  evaporation,  then  (assuming  C'harles'  law  to  hold) 
the  paths  will  continue  as  fg^  ij\  straiglit  lines  converging  at  0, 
For  a  saturated  vapor,  wet  or  dry,  the  isothermal  can  only  be  a  straight 
line  of  constant  pressure. 

367.  Entropy  Diagram.  Figure  lOl  reproduces  Fig.  IGO  on  the 
entropy  plane.  The  line  ab  represents  the  heating  of  the  water  at 
constant  pressure.     Since  the  specitic  heat  is  slightly  variable,  the 


^' 
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increase  of  entropy  must  be  computed  for  small  differences  of  tem- 
perature. The  more  complete  steivm  tables  give  the  entropy  at  various 
boiling  points,  measured  above  32^.     Let  eviiporation  occur  when  the 
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—  The  Steam  Dome. 


temperature  is  T^.     The  increase  of  entropy  from  the  point  h  (^since 

the  temperature  is  constant  during  the  formation  of  steam  at  constant 
pressure)  is  simply  X-:-(7'»  +  459. (i),  which  is  laid  off  as  he.  Other 
points  being  simihirly  ohtuined,  the  saturation  curve  cA  is  drawn. 
The  paths  from  liquid  at  32°  to  dry  saturated  steam  are  ahc,  aVN, 
a  US,  etc. 

The  factor  of  erajwrnfioii  m;iy  l>o  readily  illustrated.  Let  the  area 
et'-Si/'repi'esent  L^^  the  heat  necessary  l.o  cvajiorate  one  pound  from  and 
at  212°  F.  The  area  g/irft  rejiivsents  the  heat  necessary  to  evaporate  one 
pound  at  a  jiressiire  d  fn>ni  a  fi'ed-water  tem])erature  j.  The  factor  of 
evaporation  is  i/Jhck  -j-  el'Sf.  For  wet  steam  at  the  pressure  li,  it  is,  for 
example,  'jjlii/i'  -=-  cCf^f. 

368.   Specific  Volumes:   Ana]}rtical   Method.    This  was  developed   by 

ClapejTon  iu  \KH.  In  Y']^.  H)'_',  let  nhiil  represent  a  Carnot  cycle  in 
which  steam  is  the  working  siibstanee  ami  the  rariRe  of  temperatures  is 
dT.    Let  the  substance  be  liipiid  along  rfaand  dry  saturated  vapor  along  be^ 
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The  heat  area  aJbfe  is  L\  the  work  area  ah^d  is  (L  -h  T)dT,  In  Fig.  163, 
let  abed  represent  the  corresponding  work  area  on  the  pv  diagram.  Since 
the  range  of  temperatures  is  only  dTj  the  range  of  pressures  may  be 
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FitiS.  162  and  163.     Arts.  368,  400,  oOo.  —  opccitic  \  uiutues  by  Cicipeyrou's  Method. 

taken  as  dP-,  whence  the  area  abed  in  Fig.  16.S  is  dP(W—  V),  where  W 
is  the  volume  along  be,  and  V  that  along  ad.  This  area  must  by  the  first 
law  of  thermodynamics  equal  (778  L  -h  T)dT\  whence 

w-  r= 'i?^- .  '^^  and  ]r=  r-h^^^^. 

T        dP  T    dP 

Thus,  if  we  know  the  specific  volume  of  the  liquid,  and  the  latent  heat 

of  vaporization,  at  a  given  temperature,  we  have  only  to  determine  the 

dT 
differential  coefficient  —  in  order  to  compute  the  specific  volume  of  the 

dP  '  ^ 

vapor.  The  value  of  this  coefficient  may  be  approximately  estimated  from 
the  steam  table;  or  may  be  accurately  ascertained  when  any  correct  formula 
for  relation  between  P  atid  T  is  given.  The  advantage  of  this  indirect 
method  for  ascertaining  specific  volumes  arises  from  the  accuracy  of 
perimental  determinations  of  T,  />,  and  P. 


369.  Entropy  Lines.  In  Fig.  161,  let  ab  be  the  water  line,  cd 
the  saturation  curve;  then  since  the  horizontal  distance  between 
these  lines  at  any  absolute  temperature  T  is  equal  to  X-5-  jT,  we 
deduce  that,  for  steam  only  partially  dry,  the  gain  of  heat  in  passing 
from  the  water  line  toward  cd  being  rL  instead  of  i,  the  gain  of 
entropy  is  xL-i-  T  instead  oi  L  -r-  T.  If  on  be  an*  ad  we  lay  off  bi 
and  al=sX'bc  and  x  -  ad,  respectively,  we  have  two  points  on  the 
constant  dryness  curve  iU  along  which  the  proportion  of  dryness  is  x. 
Additional  points  will  fully  determine  the  curve.  The  additional 
curves  «n,  pq,  etc.,  are  similarly  plotted  for  various  values  of  x,  all 
of  the  horizontal  intercepts  between  ab  and  cd  being  divided  in  the 
same  proportions  by  any  one  of  these  curves. 
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370.  Coastant  Heat  Curves.     Let  tlie  total  hent  at  o  be  iT.    To 

find  the  state  at  the  temperature  lie,  iil  which  the  total  heat  inayslu 
equiil  5,  we  remcmher  that  for  wet  eteain  H=h  +  xL,  whence 
T  =  (S—  /<}-*■  L  =  hp-t- he.  Additional  points  tiius  dL'tcrmincJ for 
tliis  and  other  assigned  values  of  H  give  the  constant  total  heat 
curves  op,  mr,  etc.  The  total  heat  of  saturated  vapor  is  not,  however, 
a  cardinal  property  (Art,  10).  The  state  points  on  this  diagram 
determine  the  heat  contents  only  on  the  assumption  that  Heat  hat- 
been  ahaorbed  at  eonatant  presture ;  along  such  paths  as  abc,  aUS, 
al^,  etc. 

371.  Negative  Specific  Heat,  If  atcani  passes  from  o  to  r,  Fig.  Ifili 
heat  is  absorbed  (uren.  norlj  while  the  temperature  decreases,  Since  the  satu- 
ration curve  aloiics  cuiiataiitly  downward  toward  the  right,  the  specitiii  h**' 
of  steam  kept  saturated  is  thereftire  negative.  The  specific  heat  of  a  vapor 
can  be  positive  only  when  tlie  saturation  curve  slopes  downward  to  the  left, 
like  cu,  as  in  the  ease,  for  example,  of  the  vapor  of  ether  (I'ig.  315).  Th8 
conclusion  tliat  the  atjecific  heat  of  saturated  steam  is  negative  vt3 
reached  independently  by  Raukine  and  Clausiua  in  1850.  It  was  eipe"- 
mentally  verified  by  Hirn  in  1803  and  by  Cazin  in  ISIW  (24).  The 
physical  significance  is  simply  that  when  the  temperature  of  dry  sBturaWd 
steam  is  tuiu'eased  adial>atica)ly,  it  becomes  superheated;  heat  must  bt 
abstracted  to  keep  it  saturated.  On  the  other  hand,  when  dry  BaturaW 
steam  expands,  the  tempei-ature  falling,  it  tends  to  coudenae,  aw 
heat  must  be  supplied  to  keep  it  dry.  If  steam  at  c,  Fig.  161,  having 
been  formed  at  constant  pressure,  works  along  the  saturation  curve  U>  ft 
its  heat  contents  are  not  the  same  as  if  it  had  been  formed  along  oRf, 
hut  are  greater,  beiug  greater  also  than  the  "  heat  contents  "  at  c. 

372.  Liquefaction  during  Expansion.  If  saturated  steam  expand  add' 
batically  from  c,  Fig.  161,  it  will  at  v  have  become  10  per  ceut  wet.  " 
its  tem[>erature  increase  adiabatically  from  v,  it  will  at  c  have  bewn 
dry.  If  the  adiabatic  path  then  contiime,  tlie  steam  will  become  superheat™- 
Generally  speaking,  liquefaction  accompanies  expansion  and  drying  |' 
superheating  occurs  during  compression.  If  the  steam  is  very  wet  tob^p' 
with,  say  at  the  state  x,  compression  may,  however,  cause  1  ifjue faction. *"* 
expansion  may  lead  to  drying.  Water  expanding  adiabatically  (patll  ^ 
becomes  partially  vaporized.  Vapors  may  be  divided  into  two  ulas**** 
depending  upon  whether  they  liquefy  or  dry  during  adiabatic  expans'*' 
under  ordinary  conditions  of  initial  dryness.  At  usual  stages  of  diyn** 
and  temperature,  steam  liquefies  during  expansion,  while  ether  beoonw<^ 
dryer,  o'r  superheated. 


mTEENAL  ENERGY  OF  VAPOR 


241 


373.  InTeraion.  Figure  101  showa  that  when  x  ia  about  0.5  the  constant  dry* 
nets  line*  ehange  their  direction  of  curvature,  so  that  it  it)  pOMible  for  a  Biiigte 
adwbatic  like  DE  to  twice  ciit  tlie  same  dryness  curve ;  x  may  therefore  have  the 
Mine  value  at  the  beginning  and  end  of  eipansion,  as  at  D  and  E.  Further,  it 
may  be  possible  to  draw  an.adiabatic  which  is  tangent  to  tlie  drj'ness  curve  at  A. 
AdialMtic  expansion  below  A  tends  to  liquefy  the  steam  ;  above  .4,  it  tends  to  dry 
it.  Daring  expan^oo  along  the  dryness  curve  below  A,  the  Bpecllic  heat  is  n;^- 
Hft ;  above  A,  it  in  posUiiK.  By  fiuding  other  points  like  A,  an  F,  G,  on  similar 
(oustant  dryness  curves,  a  line  BA  may  be  drawn,  which  is  called  the  Mto  liiw  or 
line  of  inveraion.  During  expansion  along  the  dryness  lines,  the  specific  heat 
becomes  zero  at  their  intersection  with  AB,  where  they  become  tangent  U>  the 
adiabatics.  If  the  line  AB^>e  projected  so  as  to  meet  tlie  extended  saturation 
enrve  dc,  the  point  of  intersection  is  the  temperature  of  ineeraion.  There  is  no 
temperature  of  invermou  for  dry  steam  (Art.  37i)),  the  saturation  curve  reaching 
an  ui^r  limit  before  attaining  a  vertical  direction. 


374.  Internal  Energy.  In  Fig.  104,  Ift  : 
Lay  off  2  4  vertically,  equal  to  (  7"  +  L)  (/,  - 
lorizoutally  and  1  3  vertically)  is  equal  to 


I>e  the  state  point  of  a  wet  vapor. 
'■).     Then  1  S  4  3  (;)  4  being  dr«wn 


12 


'  24-^ 


i(L-r)=xC/.- 


' 

•'"\ 

1  Y 

/ 

'      \ 

/'  ■'  i 

L\  .    ! 

V 

This  quantity  ia  equal  to  the  eitermd  icork  of 
raporkation  =  xe,  which  ia  accordingly  repre- 
sented by  the  area  12  4  3.  The  irregular 
aiea  6  5  13  4  7  then  represents  the  aihlition 
of  internal  energy,  6  5  18  having  been  ex- 
pended in  heating  the  water,  and  8  3  4  7  =j;r 
being  the  disgregation  work  of  vaporization. 

375.  External  Work.  I.et  MN,  Fig.  165,  be  any  path  in  the  saturated  region. 
The  heat  absorbed  is  mJ/jVn.  Construct  Mcba,  N/ed,  as  in  Art.  374.  The  inter- 
nal energy  lias  increased  from  Oabcm  to  Odefn,  the 
aniount  of  increase  being  ailrfttvich.  This  is  greater 
than  the  amount  of  heat  aluorbed,  by  lieiMcba  —  iNJt 
which  difference  consequently  measures  the  external 
work  done  upon  the  substance.  Along  some  such  curve 
as  XY,  it  will  l>e  found  that  external  work  has  been 
done  by  the  sulwtance. 

376.  The  Entropy  Diagram  as  ■  Steam  Table.  In 
Fig.  161,  let  the  state  point  Iw  //.  We  have  T=  HT, 
from  which  P  may  be  foulid.  HJ  \n  made  equal  to  (7"  -f-  £)(£  —  r),  whence 
OaVKJI  =  E»LitA  VIUK-xe.  Aleo  j;  =  Vlf  ^  FJV,  the  entropy  measured  from 
the  water  line  is  I'W,  the  momentary  specific  heat  of  the  water  along  the  dif- 
ferential path  jL  is  !^L^f^TJ•.  ^L  =  PVHl,  xr  ^  KJIP,  A  =  OaVP,  and 
H=Oa  VHI.    The  specific  volume  is  still  to  be  considered. 
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line,  BG  tiie  »atiii'iitioii  i 
represent  Mjjecific  volumes. 


377.    Constant  Volume  Lines.     In  Fig.   166.  let  JA  be  the  water 

;i(l  let  vertical  distancea  below  ON 
Let  m  equal  the  volume  of  boiliug  water, 
sensibly  constaut,  and  ot  comparatively 
small  numerieal  value,  giving  the  line  as. 
From  any  point  B  on  the  saturation 
eurve,  draw  Bit  vertieally.  making  CD 
represent  by  its  length  the  specific  volume 
iit  B.  Draw  BA  horizontaUy.  and  AE 
vevtieally,  and  connect  the  points  EaxiAD. 
Then  ED  shows  the  relation  of  volume  of 
vapor  iiud  entropy  of  vapor,  along  .4B, 
the  two  increasing  in  arithmetical  ratio. 
Find  the  similar  lines  of  relation  KL  and 
HF  for  the  temperatui-e  lines  '//and  YQ, 
Fio.  i6fl.  Art.  377.  — Cuiistant  Draw  the  constant  volume  line  TDy  and 
Volume  Liues.  0.1 

nnci    the    points   on    the    entropy    plane 

w,  V,  B,  corresponding  to  t,  v,  D.  The  line  of  constant  volume  v)S 
may  then  be  druwn,  witii  similar  lines  for  other  specific  volumes,  qt, 
etc.  The  plotting  of  such  lines  on  the  eutropy  plane  permits  of  tha 
use    of    this     (lijigram     for    obtaining 


specific  voluni 


■».)■ 


In 


378.  Transfer  of  Vapor  States. 
Fig.  11!",  we  have  a  single  represen- 
tation of  the  four  coordinate  planes 
pt,  tn,  nv,  and  pv.  Let  »»  be  the  line 
of  water  volumes,  ah  and  t^tlie  tiatura- 
tion  eurve,  Cd  the  pressure- tempera- 
ture curve  (Art.  3t):2),  and  Op  the 
water  line.  To  transfer  points  a.  h  on 
the  saturation  curve  from  thereto  the 
tn  plane,  we  have  only  to  draw  aC, 
Ce,  bd,  and  df.  To  transfer  i>oints 
like  i,  /.  representing  wet  states,  we 
first  find  the  vn  lines  qh  and  rg  at)  i 
i},jh,  Im,  and  mn  (25). 


—  Traiisfor  o( 


Art.  377,  and  then  project 
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Consider  any  point  t  on  the  pv  plane.  By  drawing  tu  and  uv  we 
find  the  vertical  location  of  this  point  in  the  tn  plane.  Draw  wA  and 
xS^  making  zB  equal  to  the  specific  volume  of  vapor  at  x  (equal  to 
-EF  on  the  pv  plane).  Draw  AB  and  project  t  to  c.  Projecting  this 
last  point  upward,  we  have  D  as  the  required  point  on  the  entropy 
plane. 

379.  Critical  Temperature.  The  water  curve  audthe  curve  of  saturation 
in  Figs.  160  and  161  show  a  tendency  to  meet  at  their  upper  extremities. 
Assuming  that  they  meet,  what  are  the  physical  conditions  at  the  critical 
temperature  existing  at  the  point  of  intersection  f  It  is  evident  that  here 
X  =  0,  r  =  0,  and  e  =  0.  The  substance  would  pass  immediately  from  the 
liquid  to  the  superheated  condition ;  there  would  be  no  intermediate  state 
of  saturation.  Ko  external  work  would  be  done  during  evaporation,  and, 
conversely,  no  expenditure  of  external  work  could  cause  liquefaction.  A 
vapor  cannot  be  liquefied,  when  above  its  critical  temperature,  by  any 
pressure  whatsoever.  The  density  of  the  liquid  is  here  the  same  as  that 
of  the  vapor :  the  two  states  cannot  be  distinguished.  The  pressure  re- 
quired to  liquefy  a  vapor  increases  as  the  critical  temperature  is  approached 
(moving  upward)  (Arts.  358, 360)  ;  that  necessary  at  the  critical  temperature 
is  called  the  critical  j^ressure.  It  is  the  vapor  pressure  corresponding  to  the 
temperature  at  that  point.  The  volume  at  the  intersection  of  the  saturation 
curve  and  the  liquid  line  is  called  the  critical  volume.  The  "  specific  heat 
of  the  liquid  "  at  the  critical  temperature  is  infinity. 

The  critical  temperature  of  carbou  dioxide  is  88. S''  F.  This  substance  is 
sometimes  used  as  the  working  fluid  iu  refrigorating  machines,  particularly  on 
shipboard.  It  cannot  be  used  in  the  tropics,  however,  since  the  available  supplies 
of  cooling  water  have  there  a  temperature  of  more  than  88.5°  F.,  making  it  im- 
possible to  liquefy  the  vapor.  The  carbon  dioxide  contained  in  the  microscopic 
cells  of  certain  minerals,  particularly  the  topaz,  has  been  found  to  be  in  the  critical 
condition,  a  line  of  demarcation  being  evident,  when  cooling  was  produced,  and 
disappearing  with  violent  frothing  when  the  temj>erature  again  rose.  Here  the 
substance  is  under  critical  pressure ;  it  necessarily  condenses  with  lowering  of 
temperature,  but  cannot  remain  condensed  at  temperatures  above  88.5*^  F.  Ave- 
narius  has  conducted  experiments  on  a  large  scale  with  ether,  carbon  disulphide, 
chloride  of  carbon,  and  acetone,  noting  a  peculiar  coloration  at  the  critical  point  (26). 

For  steam,  Regnault's  formula  for  //  (Art.  360),  if  we  accept  the  approximation 
A  =  r  —  32%  would  give  L  =  H  —  h  =  1113.94  —  0.005;,  which  becomes  zero  when 
I  =  1603°  F.  Davis*  formula  (Art.  360)  (likewise  not  intended  to  apply  to  temper- 
atures above  about  400°  F.)  makes  L  =  0  when  /  =  1709°  F.  The  critical  tempera- 
ture for  steam  has  been  experimentally  ascertained  to  be  actually  much  lower,  the 
best  value  being  about  689°  F.  (27).  Many  of  the  important  vapors  have  been 
atudied  in  this  direction  by  Andrews. 
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380.  Physical  States.  We  may  now  distinguish  between  the  gaseow 
coodiliona,  including  the  states  of  saturated  vapor,  superheated  vaoor,  ani 
true  gas.  A  saturateil  vapor,  which  «i(t,v  ^  either  dn/  or  wH,  is  a  gaseous 
substance  at  its  maximum  density  for  the  given  temperature  or  pressure; 
and  belovi  the  critical  temperature.  A  nitperJtented  vnpnf  is  a  gaseous  aul> 
stance  at  other  than  raaaimum  denaiti)  whose  teuiperatiire  is  either  led 
thau,  or  does  not  greatli/  exceed,  the  critical  temperature.  At  higlie) 
tiirea,  the  substance  becomes  a  true  gas.  All  imperfect  gases  may  be  regarded 
as  superheated  vapors. 

Air.  one  of  the  most  nearly  perfect  gascA,  showssoniedeTiationsfrom  Boyle's  Un 
nt  pressures  uoteioeeding2500lb.  per  square' 


Other  aiibatanees  show  far  in 


marked  dev 


Flil,  1(18. 


In  Fig.  168,  QP  i»  an  equilateral  hyperbola.  The  isotherriial 
for  ftir  at  various  temperatures  ernli 
griLde  are  sliowu  aba^e.  Tiie  luwflC 
curves  are  LiotherinaLs  for  carbon  i 
oiide,  as  determined  by  Andrews  (28) 
Tliej  depart  widely  from  the  perfM 
gas  iKothcrmal,  PQ.  The  dotted  lina 
show  the  liquid  curve  and  the  satur^ 
tion  curre,  running  together  at  a,  at  tl 
critical  temperature.  There  is  an  n 
dent  incretise  in  the  irregularity  of  tt 
curves  as  they  approach  the  critical  ten 
pera^tnre  (from  above)  and  p 
it.  The  curve  for  21.5'  C.  : 
larly  interesting.  From  6  to  e  it  it  i 
liquid  curve,  the  volume  remaii 
temperatare  Id  spite  of  enormous  changes  of  p 


0.  — Critiia!  Tenipei 


practically  constant  at 

sure.  From  i  to  d  it  U  a  nearly  straight  horizontal  line,  like  that  of  any 
between  the  liquid  and  the  dry  saturated  states;  while  from  d  Xo  i-  it  aj^iroae) 
the  perfect  gas  form,  the  eipiilateral  hyperbola.  All  of  the  isolhermals  ctiM 
their  direction  abruptly  whenever  they  ap- 
proach either  of  the  limit  curves  ny'or  ag. 

381.  Other  Paths  of  Steam  Formation. 

The  discussion  has  been  limited  to  the 
forniatiun  of  steam  at  constant  pressure, 
the  inethod  of  practice.  Steam  might  con- 
ceivably bo  formed  along  any  arbitrary 
path,  as  for  instance  in  a  closed  vessel  at 
constant  volume,  the  pressure  steadily  In- 
creasing. Since  the  change  of  interiiiil 
energy  of    a    substance  depends  upon   its 

initial  and  finiil  states  only,  and  not  on  tlie  intervening  jiath.  a  change  ot  iv 
affects  the  external  work  only.  For  furmatioii  at  coustuut  volume,  the  total  he 
equals  E,  no  external  work  being  done.    If  i[i  Fig.  160  water  at  e  could  be  coi 


-  Rrapnratloii  al 
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sfy  ermporated  along  en  at  covutant  volume,  the  area  acnd  would  represent  the 
tion  of  internal  energy  and  the  total  heat  received.     If  the  process  be  at  con- 
pressure,  along  cbn,  the  area  acbnd  represents  the  total  heat  received  and  the 
cbn  represents  the  external  work  done. 


Vapor  Isodynamic.  A  saturated  vapor  contains  heat  above  32^  F.  equal 
-f  r  +  e;  or,  at  some  other  state,  to  h^  +  r^  -\-  e^  If  the  two  states  are  isody- 
c  (Art.  83),  A  +  r  =  Aj  +  r,,  a  condition  which  is  impossible  if  at  both  states 
team  be  dry.  If  the  steam  be  wet  at  both  states,  h  -{-  xr  =  h^  +  x^r^  Let  />, 
be  given;  and  let  it  be  required  to  find  v^,  the  notation  being  as  in  Art.  364. 

iMve  X|  =  --^ ^,  all  of  these  quantities  being  known  or  readily  ascertain- 
Then 


'•i 


ri=  Fi+x^(Tri-Fi)=x,Zi+  Fi  =  F,  +  ^(A  +  xr-Ai). 


'•i 


r  1.0,  the  steam  being  dry  at  one  state,  x^  =  —^ ^  and 


n 


station  of  numerical  values  then  shows  that  if  p  exceed  pi,  v  ia  less  than  vi ; 
le  cnrve  slopes  upward  to  the  left  on  the  pv  diagram :  and  x  is  less  than 
rhe  curve  is  less  *'  steep  '*  than  the  saturation  curve.  Steam  cannot  be  worked 
%amieaUy  and  remain  dry;  each  isodynamic  curve  meets  the  saturation  curve 
ingle  point. 

BSa.  Snbllmatioii.  It  has  been  pointed  out  that  a  vapor  cannot  exist  at  a 
erature  below  that  which  ''corresponds''  to  its  pressure.  It  is  likewise  true 
a  substance  cannot  exist  in  the  liquid  form  at  a  temperature  above  that  which 
responds"  to  its  pressure.  When  a  substance  is  melted  in  air,  it  usually  becomes 
aid;  and  if  a  further  addition  of  heat  occurs  it  will  at  some  higher  temperature 
me  a  vapor.  If,  however,  the  saturation  pressure  at  the  melting  temperature 
ads  the  pressure  of  the  atmosphere,  then  at  atmospheric  pressure  the  saturation 
jcrature  is  less  than  the  melting  temperature,  and  the  substance  cannot  become 
[aid,  because  we  should  then  have  a  liquid  at  a  higher  temperature  than  that 
h  oorresponds  to  its  pressure.  Sublimation  (Art.  17),  the  direct  passage  from 
■ofid  to  vaporous  condition,  occurs  because  the  atmospheric  boiling  point  is 
IT  the  atmospheric  melting  point. 

ITater  at  32''  has  a  saturation  pressure  of  0.0886  lb.  per  square  inch.  If  the 
iture  in  the  air  has  a  lower  partial  pressure  than  this,  ice  cannot  be  melted, 
will  sublime,  because  water  as  a  liquid  cannot  exist  at  32^  at  a  less  pressure 
tOi)686. 

Thermodynamics  op  Gas  and  Vapor  Mixtures 

MSd.  Gas  Mixture.  (See  Art.  52  6.)  When  two  gases,  weighing  w\  and  w%  lb. 
ectively,  together  occupy  the  same  space  at  the  conditions  p,  v,  t,  we  ma^r  Wte 
diaracteristic  equations,  using  subscripts  to  represent  the  diiferent 
arming  to  Dalton's  law, 

Piv^RiJLwif      pgf^R^iDi,      pi+pi=p,      tDi+Wi^w, 
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Weights  op  Air,  Vapor  of  Water,  and  Saturated  Mixtures  of  Air  and  Ym 
AT  Different  Temperatures,  under  the  Ordinary  Atmospheric  PfUMi 


OF  29.921  Inches  of  Mercury. 

] 

MIXTUBE8   or  AIB  BATUBATSD   WITH  TAPOB                        d 

Temperature 
Fahrenheit 

Elastio  Force  of  the  Air 

in  the  Mixture  of  Air 

and  Vapor  in  ins. 

of  Mercury 

Weight  of  Cubic  Foot  of  the  Miztui* 
of  Air  and  Vapor 

. 

1 

Weight  of  the  Air 
in  Pounds 

Weight  of  the  Y^ 
in  Pounds     \ 

0** 

29.877 

.0863 

.000079     ' 

12 

29.849 

.0840 

.000130 

22 

29.803 

.0821 

.000202 

32 

29.740 

.0802 

.000304 

42 

29.654 

.0784 

.000440 

52 

29.533 

.0766 

.000627 

62 

29.365 

.0747 

.000881 

72 

29 . 136 

.0727 

.001221 

82 

28.829 

.0706 

.001667 

92 

28.420 

.0684 

.002250 

102 

27.885 

.0659 

.002997 

112 

27.190 

.0631 

.003946 

122 

26.300 

.0599 

.005142 

132 

25.169 

.0564 

.006639 

142 

23 . 756 

.0524 

.008475 

152 

21.991 

.0477 

.010716 

162 

19.822 

.0423 

.013415 

172 

17.163 

.0360 

.016682 

182 

13.961 

.0288 

.020536 

192 

10.093 

.0205 

.025142 

202 

5.471 

.0109 

.03a'>45 

212 

0.000 

.0000 

.036820 

These  yield  as  the  equation  of  the  mixture, 

pv  =  RtiVf 

where  R  =  (RiWi-\-R2W2)-r-{wi-{-W2).    For  pure  dry  air,  containing  by  weight  fl 
nitrogen  to  0.23  oxygen,  the  value  of  R  should  then  be 

(48.2  X0.23)  +  (54.9  X0.77)  =  53.2. 

382^.  Air  and  Steam.    We  are  apt  to  think  of  the  minimum  boiling  point  of  wi 
(except  in  a  vacuum)  as  212°  F.     Rut  water  will  boil  at  temperatures  as  kwr 
32°  F.  under  a  definite  low  partial  pressure  for  each  temperature.     Thus  at  40* 
if  an  adequate  amount  of  moisture  is  expo.sed  to  the  normal  atmosphere  it  v 
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until  the  mixture  of  air  and  steam  contains  the  latter  at  a  partial 
of  0.1217  lb.  per  square  inch,  the  partial  pressure  of  the  air  then  being 
14.697-0.1217  =  14.5753  lb.  per  square  inch.    Such  air  is  saturated.    If  there 
supply  of  moisture,  the  partial  pressure  of  vapor  will  be  less  than  that 
iding  with  its  temperature,  and  such  vapor  as  is  evaporated  will  be  super- 
The  weight  of  moisture  in  a  cubic  foot  of  saturated  air  is  the  tabular 
ty  of  the  vapor  at  its  temperature.    What  is  commonly  called  the  absolute 
ry  of  air  may  be  expressed  either  in  terms  of  the  weight  of  vapor  per  cubic 
fat  of  mixture  or  of  the  partial  vapor  pressure. 
The  weight  of  gas  or  superheated  vapor  in  any  assigned  space  at  any  stated 
iture  is  directly  proportional  to  the  partial  j^ressure  tliereof.    The  relaiitte 

W  1)9 

of  moist  air  may  therefore  be  expressed  either  as  —  or  as  —,  where  w  and 

}V  P2 

^  are  respectively  the  weights  of  water  vapor  in  a  cubic  foot  of  moist  air,  unsatu- 

ited  and  saturated,  and  pzi  Pt  are  the  corresponding  partial  pressures.    The  value 

^  R  in  the  characteristic  equation  is  obtained,  for  moist  air  at  a  relative  humidity 

slow  1.0,  by  the  method  of  the  first  paragraph,  using  for  the  water  vapor  /?a  =  85.8. 

If  the  air  temperature  is  92**  F.,  and  a  wick-covcred  ("wet  bulb")  thermometer 

■da  82**,  the  partial  pressiu*e  of  the  vapor  is  that  corresponding  with  saturation 

, 82*,  that  is,  0.539  lb.  per  square  inch;  for  the  air  about  the  wot-bulb  thermometer 

aaturated,  evaporation  from  the  moist  wick  causing  the  cooling.    Saturated  air 

92*  would  have  a  partial  vapor  pressure  of  0.741  lb.  per  square  inch.     The  air  in 

0  5.'59 
leation  has  therefore  a  relative  humidity  of  TrfTi  =0-73.     The  value  of  R  for  this 

r  18  not  53.2,  but 


subordinate  relation  being 

p,      (14.697-0.539)144      .___ 
^^^Si/ 53:23<552 =^-^^- 

If  the  respective  specific  heats  are  ki  and  fca,  then  the  specific  heat  of  the  mix- 


Jfc  = 


1.      _L^         t^i(A-i+A-2-)     ki-^kP 
kiWi-\-ki%Pt         \  irj  pi 


Wi-\-Wi 


\  tf'l/  Pi 

hich  for  our  conditions,  with  ki  =0.2375,  A:j =0.4805,  gives  k  =0.248. 

382</.  Thermodynamic  Equations.  When  dealing  with  mixtures  of  wet  vapors, 
•  of  wet  vapors  and  air,  the  ordinary  equations  for  expansion  do  not  in  general 
pply.  This  is  the  more  unfortunate  in  that  any  general  analysis  of  the  subject 
luat  include  consideration  of  expan.*<ion  paths  which  will  partially  liquefy 
■e  or  more  of  the  constituents  of  even  a  wholly  superheated  mixture.  The 
itemal  energies  of  the  constituents  and  their  entropies  are  dependent  upon 
ad   may   be  computed  from  their  thermal  conditions  alone,  however;    mixing 
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does  not  affect  the  energy,  and  adiabatic  expansion  doee  not  affect  the  enl 

BO  that  it  is  -by  no  means  impracticable  to  study  the  phenom 

(a)  the  operation  of  mixing  and  (b)  the  expanaion  or  compreaaion  ol  the 

382c.    Wet  Vapor  and  Gas.     As  a  simple  ease,  consider  a  mixture  of  t 
and  air;    the  condition  of  a  super-saturated  atmosphere.     Let  such 
at  the  atute  p,  v,  t;   the  ateam  state  being  vh,  Pi,  Xi,  and  that  of  the  air  w,,  p,. 

p^Pi+p-,  and  (I  =  u'lTiii, = ,  where  Si  is  the  specific  volume  of  the  dry  s 

The  internal  energy  of  the  mixture  is 

where  /  is  the  specific  heat  of  air  at  constant  volume  and  ht  and  Tj  are  tabular  ih 

propertie.8  at  the  [iresflure  pt.    The  entropy  of  the  mixture  is 


I    Hog, 


492 


+(*-()  loftr-    +w,(n^+z,n,). 


where  k  is  the  speciSc  heat  of  air  at  constant  pressure,  iig  is  the  volume  of  w  II 
of  air  under  standard  conditions  and  7i«  and  n,  are  the  entropies  of  steam  at  tl 
pressure  pt. 

In  an  isothermal  change  of  such  mixture,  E,  remains  constant  and  (the  dry 
of  the  steam  changing  to  Xi)  E,  increases  by  u^riCxi  —  n).  The  air  conConns  Id 
its  usual  characteristic  equation,  p,i'i=Rti,  In  reaching  the  expanded  vohime  ^ 
the  external  work  done  by  the  air  is  then 

pit  log,  A 

The  steam  remaining  wet  expands  at  constant  pressure,  and  doce  the  extemaj  «m1 
piifi  —  v),  BO  that  the  whole  amount  of  external  work  done  is  ' 


W-^p,,' log,^+jnip,-v). 


The  heat  absorbed  may  be  expressed  aa  the  sum  of  the  extenial  nxwk  done  and* 
the  internal  energy  gained;   or  as 

H  =  PivlQg,—+p,{v,—K)+uHr,(.Xt—Zt)=p,B\ogi  -f+Wi  (Xl—Xt), 

where  It  is  the  latent  heat  of  vaporisation  corresponding  with  the  pressure  p» 
Alternatively,  the  heat  absorbed  is  equal  to  the  product  of  the  tcmpecature  by  Ibc 
increase  of  entropy;  or 

H-i\  w,{k-l)  ]ogt'^+wtnt(xt-Xt)    =PiPlog.^+iiUii(i,-i,), 

as  btfcH«;  n(  =  y  being  the  entropy  of  vaporization  at  the  pressure  pi.    Let  it  bt 

noted  also  that  i4=u4J'ttt"-  '  j-,  so  that 

—=  —=—,  pi'  denoting  the  partial  pressure  of  air  in  the  mixture  after  expansion. 

The  mixing  of  air  with  saturated  steam  produces  a  t^tal  pressure  which  is  bigba 
than  the  saturation  pressure  of  steam  at  the  given  temperature.     Such  a  mixture 
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may  iheteioTe  be  regarded  as  the  reverse  of  superheated  vapor,  in  which  latter 
the  pressure  is  less  than  that  corresponding  with  the  temperature. 

In  adiabatic  expansion,  let  the  final  condition  be  xs,  U^  pi.    The  entropy  remaining 
oonstant, 

u^A;  log«  7-+tri(*-0  log,— ,+ti^(ntt,'4-Xi7i«'-nip-Xin«)  =0, 
*  Pi 

where  fi«  is  entropy  of  liquid  and  primes  refer  to  final  conditions.  The  partial 
pressure  of  the  vapor  is  tabular  for  d.  If  t^'  is  the  specific  volume  of  steam  for  d. 
then 

VD^ifii  =  »»,     Pi" = , 

*»=r77r>      P»  +P»  =P»i      a?i=^//,.  ^^> 

where  pi"  and  p^'  are  the  partial  pressures  of  air  and  steam,  respectively.  The 
external  work  is  written  as  the  loss  of  internal  energy,  or,  as 

WS-Et^WiHti-O+vhlht+xtrt-hi-x^i). 

382/.  High  Pressure  Steam  and  Air.  The  pressure  attained  by  mixing  cannot 
exceed  the  initial  pressure  of  the  more  compressed  constituent.  Assume  1  lb.  of 
steam,  0.85  dry,  at  an  absolute  pressure  of  200  lb.,  to  be  mixed  with  2  lb.  of  air 
at  220  lb.  pressure  and  400°  F.    The  respective  volumes  are 

• 

r. =0.85X2.29  =  1.945;      «'«=^^|Si^=2.9; 

and  the  volume  of  mixture  will  be,  under  the  usual  condition  of  practice, 

1.945+2.9=4.845. 
The  internal  energy  before  (and  after)  mixing  is 

(2X0.1689X860)+354.9+(0.85+759.5)  =  1288  B.  t.  u. 

This  we  put  equal  to  (2X0.1689  XO+^i +xtr,;  xi=-=^:^^;  and  (assuming 
values  of  0  we  find  by  trial  and  error, 

0.337a+^+'^^y^  =  1288,    (1285) 

<=314(+460),    A,=284,    r,=818,    Oi  =5.33,    x,= 0.908, 

Pi=82.3,     pi  =  118.2,    p =200.5. 

Mixing  has  caused  an  increase  in  dryness  of  steam,  a  considerable  reduction  o^  tenP'    . 
peraturef  and  a  final  pressure  between  the  two  original  pressures. 
The  entropy  of  the  mixture  is  now 


I  (o.l689X2.31ogg)  +  (o.0686X2.31og^^)  | 


+0.456+(0.908X  1.1817)  -1.438 
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Let  isothermal  expansion  increase  the  (byness  to  0.95.  The  volume  then 
becomes  0.95X5.33 =5.08 =t;s.    The  external  work  done  is 

=ig]  (l44 X  118.2X4.845X2.3  log  1^)  +144X82.3(5.08-4.845)  [  =8.45B.t.u. 

The  internal  energy  increases  by  0.042  X 759.5  =31.9  B.  t.  u.,  and  the  heat  absorbed 
should  then  be  31.9+8.45=40.35  B.  t.  u.  The  entropy  in  the  expanded  condition 
is 


j  (o.l689X2.3  log  ^)  +  (o.0686X2.3  log  ^f^)  [ 


+0.456+(0.95Xl.l617)  =  1.49, 

and  the  check  value  for  heat  absorbed  is  (460+314)  X  (1.49 -1.438)  =40.3  B.  t.u. 
The  partial  pressures  after  expansion  are 

Air,  pi'^pi—  =  118.2  f.\f,A  =  113;  and  steam,  82.3,  as  before. 

In  the  usual  expression  for  external  work, 

jrr    pv-PV  ^_pv-PV+W 

^-   n-l    '  W         * 

the  equivalent  value  of  n  is 

1441  (200.5  X4.845)  -  (195.3  X5.08)l  +  (8.45X778) 

8.45X778 


=0.603. 


^  Consider  next  the  adiabalic  expansion  from  the  same  initial  condition  to  a 
temperature  <3=50°(+460);  when  t;3'  =  1702,  p3'=0.178,  n«,'=0.0361,  ne'  =  2.0865, 
t;,  =  1702a;,.     Then 

1.438=2  j  (o.l689X2.31og|i?)  +  (o.0686X2.31og^^^')  [ +0.0361 +2.0865x,, 

and  xs=0.47,    t;s  =  802. 

The  internal  energy  in  the  expanded  condition  is 

18.08+ (0.47X1007.3) +2(0.1689X510)  =665  B.  t.  u., 

and  the  external  work  done  is  1288— 665  =  623  B.  t.  u.  The  steam  expanding 
alone  from  its  original  condition  would  have  had  a  final  dryness  of  0.65,  and  would 
have  afforded  external  work  amounting  to 

354.9 +  (0.85X759.5) -18.08 -(0.65X1007.3)  =323  B.  t.  u. 

The  air  expanding  alone  to  50°,  according  to  the  law  piVi^  —  piW^  would  have 
given 

P.'  =  P,(Ll)    =220(=-)         =0.085, 


^144  /220X2.9 -0.085  X802\  ^262  B.  t.  u. 
778  \  0.402  / 
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The  total  work  obtainable  without  mixture,  down  to  the  temperature  t$'=SO 
would  then  have  been  262+323=585  B.  t.  u. 

The  equivalent  value  of  n  for  the  expansion  of  the  mixture  is 

1441  (200.5  X4.845)  -  (0.263  X802)|  +  (665  X778) 

665X778  "^ 

Since  y  for  steam  initially  0.91  dry  is  1.126,  and  y  for  air  is  1.402,  the  value 
of  n  mi^t  perhaps  have  been  expected  to  be  about 

(2X1.402)+1.126^^g^ 


382^.  Saperiieated  Steam  and  Air.    If  the  steam  is  superheated,  its  initial 
volume  is  (from  the  Tumlirz  equation,  Art.  363), 


»*tiv«=tri 


(!-)• 


where  B«  0.5962,  c^  0.256.    The  internal  energy  of  superheated  steam  may  be 
written  as  that  at  saturation  (^+xsrs)  plus  that  of  superheating, 

^rhere  kg  is  the  specific  heat  of  the  superheated  steam,  y«  =  1.298,  and  /«  is  the  satu- 
ration temperature  for  the  partial  pressure  pi.    The  entropy  of  the  steam  is 

nw+Xtn^+ktlogg-. 

h 

Its  behavior  during  expansion  may  be  investigated  by  the  relations  previously 


882 A.  Mixture  of  Two  Vapors.  Let  two  wet  vapors  at  the  respective  conditions 
uHt  Pit  ky  X|,  hti  ht  Ts,  and  ws,  pj,  tf,  xs,  hs.  Is,  rs,  be  so  mixed  that  the  volume 
of  the  aggregate  is  p  «t^+Vs.    llie  internal  energy  of  the  mixture  is 

ti^(Ai+xtrj) +W2(hi+X2r2), 

the  numerical  value  of  which  may  be  computed  for  the  conditions  existing  prior 
to  mixing.  After  mixing,  the  temperature  t  being  attained,  the  internal  energy 
10  the  same  as  before,  and  the  drynesses  are 

,        V  ,         V 

Vo  wj  Vo  wi 

where  v/  is  the  tabular  volume  at  the  temperature  t.  The  known  internal  energy 
may  then  be  written  as  a  function  of  tabular  properties  at  the  temperature  (,  and  the 
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value  of  t  found  by  trial  and  error.  The  equation  for  adiabatic  expansion  entirely 
in  the  saturated  field  to  the  state  h  isTrj(r2«,+X2ne)+W2(nw-fX2ne)=t£h(ntp'-|-a5jW) 
+W2(nw'H-X2'ne')>  primes  denoting  final  conditions.  Thus,  let  1  lb.  of  steam  at 
107  lb.  pressure,  0.90  dry,  be  mixed  with  2  lb.  of  carbon  tetrachloride  at  the  same 
pressure,  0.95  dry.  The  tables  give  t2  =  320,  h2=61.2,  r2  =  58.47,  ▼o=0-415,  nw  = 
0.1003,  ne =0.0855;  (2  =  333,  /i,  =  303.4,  rj  =802.6,  Vo =4.165,  n«,  =0.4807,  ne  =  1.1158. 
Then  i, =0.90X4.155 =3.75,  V2  =0.95X2X0.416  =0.789,  i; =3.75+0.789  =4.539. 
The  internal  energy  is 

303.4+(0.90X802.5)+2{61.2+(0.95X58.47)}  =1258  B.  t.  u. 

Since  X2'>1.0  for  values  of  t  between  320**  and  333**  the  carbon  tetrachloride 
is  superheated  after  mixture  occurs.     We  must  then  express  the  energy  as 

^=V+x,V,'+2J  h2'+W2'+|(<'-t2')  i  =1258, 

k 
in  which  A: =0.056,  y  =  1.3,  -=0.043,  and  t2'  is  the  saturation  temperature  oorre- 

if 

sponding  with  the  partial  pressure  of  the  carbon  tetrachloride.     Assuming  that  this 
vapor  when  superheated  conforms  with  the  usual  characteristic  equation  for  gases, 

2X10  Ox/ 
and  putting  J?  =  10.0,  V2*  = ..  ^     '.  g-Q =0.0307 1.    Assuming  values  of  ^  the  trial 

and  error  method  gives  a  resulting  mixture  temperature  close  to  319^,  at  which 
P2'=23.9,  t2'  =  200°,  and 

4.539 


£:  =  289.2-h|^-814.0+2(34.59+72.64+0.043Xll9)  =  1255(1258)  B.t.u. 
The  entropy  computed  as  before  mixing  is 


0.481 -f  (0.9  X  1.1152) +2(0.1003+0.95  X0.0856)  =  1.85; 
after  mixing,  it  is 


0.4627+  (^^.1.1492^  +2  (o.  1846 +0.056X2.3  log  '^  =1.89. 

Mixing  has  again  lowered  the  temperature.     Let  adiabatic  expansion  proceed 
until  the  temperature  is  212°.     The  tetrachloride  will  still  be  superheated,  and 

nw'+ne'+kloge-p-j  =1.89. 

For  every  assumed  value  of  t2',  the  whole  volume  of  mixture  is  — -r-; — r-=t;'.  sav 

144ps  ' 

v' 
Then   X2'  =  — 7,   where  i-,' =26.79,   the  volume  of  saturated  steam   at  212®.     At 


THERMODYNAMICS  OF  GAS  AND  VAPOR  MIXTURES  253 

V  =  106*,  pi' =4.37,  P' =21.4,  x,'=^^  =0.798,    V+n©' =0.1866;    and   the  en- 
tropy is 

0.3118+1.16+2(0.1865+0.0094)  =1.89. 

r 

The  internal  energy  is  now 


180.0+(0.798X897.6)+2(14.92+81.76+0.043+106)  =  1098  B.  t.  u., 

and  the  external  work  done  during  expansion  is  1268  —  1098  =  160  B.  t.  u.  If  the 
two  vapors  had  expanded  from  their  original  condition  to  212^  separately,  the 
external  work  done  would  have  been,  very  nearly,  126  B.  t.  u. 

S83t.  Technical  Application  of  Mixtures  in  Heat  Engines^  The  preceding 
illustration  shows  that  the  expanded  mixture,  although  at  212°  F.,  has  a  pressure 
4.37  lb.  per  sq.  in.  greater  than  that  of  the  atmosphere.  A  mixture  at  an  absolute 
pressure  of  1  lb.  (about  the  lowest  commercially  attainable)  might  similarly  exist 
at  a  temperature  considerably  lower  than  the  102°  F.  which  is  characteristic  of 
steam  alone.  A  lowering  of  the  temperature  of  heat-rejection  is  thus  the  feature 
which  makes  the  use  of  a  fluid  mixture  of  practical  interest.  This  is  the  more 
important,  since  from  a  power-producing  standpoint  the  most  fruitful  part  of  the 
cychc  temperature  range  is  the  lower  part.  The  operation  of  mixing  itself  reduces 
the  initial  temperatiu^,  but  it  in  no  way  impairs  the  stock  of  internal  energy  of  the 
constituents. 

If  one  of  the  constituents  is  at  the  lower  temperature  of  the  cycle  a  superheated 
vapor,  it  cannot  be  condensed  at  that  temperature:  but  since  cooling  water  con- 
ditions permit  of  normal  condensing  temperature  around  66°,  the  use  of  a  mixture, 
even  one  of  air  and  steam,  may  permit  the  attainment  of  that  temperature  without 
the  necessity  for  an  impracticably  high  vacuum. 

The  total  heat  of  saturated  steam  increases  less  than  }  B.  t.  u.  per  degree  of 
temperature;  that  of  superheated  steam  increases  from  0.6  to  0.6  B.  t.u.  It  follows 
that  at  the  same  temperature  superheated  steam  '' contains''  more  heat  than 
saturated  steam.  The  internal  energy  of  saturated  steam  increases  about  0.2  B.  t.  u. 
per  degree  of  temperature;  that  of  superheated  steam,  about  0.4  to  0.46  B.  t.  u. 
The  total  internal  energy  at  a  given  temperature  is  thus  also  greater  with  super- 
heated than  with  saturated  steam.  The  less  the  internal  energy  at  the  end  of  the 
expansion,  the  greater  is  the  amount  of  external  work  performed  during  expansion 
for  given  initial  conditions.  The  analyses  show  that  in  general  the  effect  of  mixing 
air  or  vapor  with  steam  is  to  decrease  the  dr3Tie8s  of  the  steam  after  expansion, 
and  thus  to  decrease  its  final  stock  of  internal  energy  and  to  increase  the  external 
work  performed.  Saturated  steam  expands  (i.e.,  increases  in  volume)  more  rapidly 
than  air,  as  its  temperature  is  lowered.  Similarly,  for  a  given  rate  of  increase  in 
volume,  the  temperature  of  air  falls  more  rapidly  than  that  of  steam.  WTicn  the 
two  fluids  are  mixed,  a  condition  of  uniform  temperature  must  prevail.  This 
necessitates  a  transfer  of  heat  from  the  steam  to  the  air,  decreasing  the  entropy 
of  the  former  and  increasing  that  of  the  latter.  The  decrease  in  entropy  of  the 
steam  is  responsible  for  its  decreased  dryness  at  the  end  of  expansion. 
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183.    Properties :  Speclflc  Heat.     In  comparatively  recent  yeais,  superheated 

I  steam  iiaa  become  of  eaj^iiieeriii);  importance  in  iipplication  to  reciprocating  en- 
iies  and  tiirliiues  find  in  locoinotLve  pi'aetice. 

Since  BntierlieaU-'d  steam  enista  ^t  a  temperature  eiceeding  that  of  saturation, 

is  important  to  know  the  specific  heat  for  the  range  of  superheating.     The  first 

I'determination  was  by  Kegnault  (1802),  who  obtained  as  mean  values  it  =  0.1805, 

=  0.348,  g  =  1M.     Fenner  found  /  to  be  variable,  ranging  from  0,341  to  0..'J51. 

im,  at  a  lat«r  date,  oouclnded  that  its  value  must  vary  with  the  temperature. 

I  'Weyrauch  (2U),  who  devoted  himself  to  this  subject  from  1876  to  IBM,  finally 

ichided   that  the  value   of  jL'  increased  both  with  the  pressure  and  with  the 

I  amount  of  superheating  (range  of  temperature  above  saturation),  basing  this  con- 

[  olusioii  on  his  own  observations  as  collated  witli  those  of  Regnault,  Him,  Zeuner, 

Mallard  and  Le  Chatelier,  Sarran  and  Veille,  and  Lsngen.     Uankine  presented  a 

I  demonstration  (now  admitted  to  be  fallacious)  that  the  total  heat  of  superheated 

|j<team  was  independent  of  the  pressure.     At  very  high  temperatures,  the  values 

I  obtained  by  Mallard  and  Le  Chatelier  in  1883  have  been  generally  accepted  by 

L  metallurgists,  hut  they  do  not  apply  at  temperatures  attained  in  power  engineer- 

A  list  by  Dodge  (30)  of  nineteen  eirperimental  studies  on  the  subject  shows 

I  a  fairly  close  agreement  with  Regnault's  value  for  Ic  at  atmospheric  pressure  and 

1.  approximately  212"  F.     Most  experimenters  have  agreed  that  the  value  increase 

\  with  the  pressure,  but  the  liiw  u(  variation  with  the  temperature  has  be«o  in 

doubt.     Uolbom's    results  (31)   as  expressed  by  Kutzbach  (32)  would,  if  the  em- 

pirieal  formula  held,  roiike  k  increase  with  the  temperature  up  to  a  certain  limit, 

and  then  decrease,  8]>pnrenlly  to  sero. 

384.  Knoblauch  and  Jakob  Ezperimeats.    These  determinations  (33) 
have  attracted  murh  atteni  ion.   Thoy  were  made  by  electrically  super- 
heating the  steam  and  luoastiring  the  input  of  electrical  energy,  which 
,  was  afterward  computed  in  term.')  of  ils  heat  equivalent.   These  experi- 
menters found  that  k  increased  with  the  presauro,  itnd  (in  general) 
I  decreased  with  the  temperature  up  to  a  certain  point,  afterward  increas- 
I  ing  (a  residt  the  reverse  in  this  respect  of  that  reported  by  Holbom), 
j  Figure  170  shows  the  results  graphically.     Greene  (3-1)  has  used  these 
I  in  plotting  the  tines  of  entropy  of  superheat,  as  described  in  Art.  39S. 
[■  The  Knoblauch  and  Jakob  values  are  more  widely  used  than  any  others 
I  experimentally  obtained.     They  are  closely  confirmed  by  the  equation 
I  derived   by   Goodenough    {Principles  of  Thermodynnmics,    11)11)    from 
[  fundamental  analysis: 

ft=O.3()7  +  O.000ir  +  p(l  +  O.0OO3p)^, 


SUPERHEATED  STEAM 


where  k  is  the  true  or  instantaneous  value  of  the  specific  heat  at  the 
constant  pressure  p  (11)8.  per  sq.  in.)  and  at  the  temperature  T°  abso- 
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lutfi,  and  log  C  =  14.42408.  Values  given  by  this  equation  shouhl 
correspond  with  those  oE  the  curves.  Fig.  170.  The  values  in  Fii;.  171 
are  for  mean  specific  heat  at  the  pressure  p  from  saturation  to  the 
temperature;  T,  for  which  Goodenoui^h'a  equation  is 
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^H    r,  being  the  saturation  temperature, 

^H                  a  =  0.367,        6=0.0001.                       Iogm  =  13.6793S, 

^B                  n=5,              ^=tK'          iog\Am(n+i)\=U.5m. 

^H           385.    Thomas' Experiments.     In  these,  the  electrical  mctlio'l  of  Iieatiog 

^^B    and  a  careful  system  of  radiation  corrections  were  employed  (.'iS).     The 

^H     eonidnsion  reached  was  that  k  increases  with  iocreaae  of  pressure  and 

^^F    decreaaes  with  increase  of  teni|jerature.     The  variations  are  greatest  near 

^^      the  saturation  curve.    The  values  given  inclujHd  j-ressnres  froui  7  to  500  lb. 
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square  inch  absolute,  and  superheating  ranging  up  to  270°  F. 
Dpy  lines  and  total  heat  lines  are  charted  in  Thomaa'  report.     Wi 
er  narrow  limits,  the  agreement  is  close  between  these  and  the  K 
1  and  Jakob  experiments.     The   reasons   for   disagreement    out 
B  limits  have  been  scrutinized  by  Heck   (36),  who  has  presentt 
of  the  pri'pvrtiea  of  aujwrhmfeil  steam,  based  on  these  and  other  ( 
steam  tables  of  Marks  and    Davis  (see   footnote,  p.  202)  con 
mplete  set  of  values  for  superheated  states.     Figure   171  sh 
Thomas  results  graphically. 

86.  Total  Heat.     As  superheated  steam  i.'i  almost  invariably  for 
jnstant  pressure,  the  path  of  formation  resembles  oficIF,  Fig.  161 
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being  the  water  line  and  cd  the  saturation  curve.  Its  total  heat  is  then 
Hc-k-f^iT—t),  where  T,  t  refer  to  the  temperatures  at  IF  and  c.  If  we 
take  Regnault's  value  for  IT,,  1081.94  +  0.305 «  (Art.  360),  then,  using 
fc=  0.4805,  we  find  the  total  heat  of  superheated  steam  to  be  1081.94  — 
0.1755 1  -f  0.4805  T,  A  purely  empirical  formula,  in  which  P  is  the  pres- 
sure in  pounds  per  square  foot,  is  ir=  0.4805(T- 10.37  P«**) +  857.2. 
For  accurate  calculations,  the  total  heat  must  be  obtained  by  using  correct 
mean  values  for  k  during  successive  short  intervals  of  temperature  between 
t  and  r. 

387.  Variations  of  k.  Dodge  (37)  has  pointed  out  a  satisfactory  method 
£or  computing  the  law  of  variation  of  the  specific  heat.  Steam  is  passed 
t^hrough  a  small  orifice  so  as  £o  produce  a  constant  reduction  in  a  constant 
pressure.  It  is  superheated  on  both  sides  the  orifice ;  but,  the  heat  con- 
tents remaining  constant  during  the  throttling  operation,  the  temperature 
changes.  Let  the  initial  pressure  be  p,  the  final  pressure  j^i.  Let  one 
observation  give  for  an  initial  temperature  t,  a  final  temperature  ti]  and 
let  a  second  observation  give  for  an  initial  temperature  T,  a  final  tempera- 
ture Ti.  Let  the  corresponding  total  heat  contents  be  h,  hi,  H,  Hi.  Then 
Ii  —  H=  k,{t  -  T)  and  Ai  -  ITi  =  k,,  (ti  -  7\).    But  h  =  /ii,  H^  Hi,  whence 

k      t  —  T 
h  —  H=^  hi—  Hi  and  -^  =  -^ — -^  •   If  we  know  the  mean  value  of  k  for  any 

fCff        t  —  J. 
given  range  of  temperature,  we  may  then  a.scertain  the  w£an  value  for  a 
series  of  ranges  at  various  pressures, 

388.  Dayis'  Computation  of  H.  The  customary  method  of  deter- 
mining k  has  been  by  measuring  the  amount  of  heat  necessarily  added 
to  saturated  steam  in  order  to  produce  an  observed  increase  of  tem- 
perature. Unfortunately,  the  value  of  H  for  saturated  steam  has 
not  been  known  with  satisfactory  accuracy ;  it  is  therefore  inade- 
quate to  measure  the  total  heat  in  superheated  steam  for  comparison 
with  that  in  saturated  steam  at  the  same  pressure.  Davis  has  shown 
(17)  that  since  slight  errors  in  the  value  of  H  lead  to  large  errors 
in  that  of  Ar,  the  reverse  computation — using  known  values  of  k  to 
determine  H —  must  be  extremely  accurate ;  so  far  so,  that  while 
additional  determinations  of  the  specific  heat  are  in  themselves  to  be 
desired,  such  determinations  cannot  be  expected  to  seriously  modify 
values  of  IT  as  now  computed. 

The  basis  of  the  computation  is,  as  in  Art.  387,  the  expansion  of 
superheated  steam  through  a  non-conducting  nozzle,  with  reduction 
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of  temperftture.  Assume,  for  example,  that  ateam  at  38  lb.  pres- 
sure and  300°  F.  expands  to  atmospheric  pressure,  the  temperature 
becoming  286°  F.  The  total  heat  before  throttling  we  may  call 
ff^=S^  +  kiiZ-  Tj),  in  which  fl,  ia  the  total  heat  of  taturated 
steam  at  38  lb.  pressure,  T^  =  300°  F.,  and  T^  is  the  temperature  of 
saturated  steam  at  38  lb.  pressure,  or  264.2°  F.  After  throttling, 
similarly,  ffj  =  H,  +  k^(  T^  -  T,),  in  which  H,  ia  the  total  heat  of 
saturated  steam  at  atmospheric  pressure,  T,  is  its  temperature 
(212°  F.),  and  T^  is  286°  F.  Now  ffj=  H,.  an<l  ff,  =  1150.4 ;  while 
from  Fig,  171  we  find  Aj  =  0.57  and  kj  =  0.52 ;  whence 

JS;  =  -  0.57(300  -  264.2)  +  1150.4  +  0.52(286 -  212)=  1168.47. 
The  formula  given  by  Davis  as  a  result  of  the  study  of   various 
throttling  experiments  may  be  found  in  Art.  360.     The  total  heat 
of  saturated  steam  at  some  one  pressure  (e.^.  atmospheric)  must  bo 
known. 

A  simple  formula,  (that  of  Smith),  which  expresnes  the  Davia  results  with  • 
accuracy  of  1  per  ceut,  between  70°  and  500".  was  giren  in  Poatr,  February  8, 1910« 
Ui.  H  =  lS2«  +  ,-L|MS5, 

(  licing  Ihe  Fahrenheit  temperature. 

389,  Factor  of  EvapOTation.     The  computation  of  factors  of  eraporai 

tion  must  often  include  the  eit'wt  of  superheat.     The  total  heat  of  super- 
heated steiini — which  we  may  call  H.  —  may  be  obtained  by  one  of  thi 
metliods  described  in  Art.  SSG.     If  k^  is  the  heat  in  the  wal«r  as  ^up 
plied,  the  beat  expended  is  H,  —  li,,  and  the  factor  of  evaporation  is 
{H.-K)-h970A. 

390.  Characteristic  Equation.     Zeuner  derives  as  a  working  formula, 
agreeing  with  Hirn's  experiments  on  specific  volume  (38), 

/'r=0.64901  T-22.5819P^, 

in  which  P  is  in  pounds  per  square  inch,  V  in  cubic  feet  per  pound,  and 
T  in  degrees  absolute  Fahrenheit.  This  applies  closely  to  saturated 
well  as  to  STiperheated  steam,  if  dry.  Using  the  same  notation,  Tumlir« 
gives  (39)  from  Battelli's  experiments, 

PF=  0.594  T-  0.00178  P. 
The  formulas  of  Knoblauch,  Linde  and  Jakob,  and  of  Goodenough,  both 
given  in  Art.  36:1,  may  also  be  applied  to  superheated  steam,  if  not  tOQ 
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highly  superheated.  At  i^ery  high  temperatures,  steam  behaves  like  a 
perfect  gas,  following  closely  the  law  PV='RT,  Since  the  values  of  R 
for  gases  are  inversely  proportional  to  their  densities,  we  find  R  for  steam 
to  be  85.8. 

391.  Adiabatic  Equation.  Using  the  value  just  obtained  for  R,  and  Regnault'g 
constant  value  0.4805  for  X:,  we  find  y  =  1.298.  The  equation  of  the  adiabatic 
would  then  be  pu^^^  =  r.  This,  like  the  characteristic  equation,  does  not  hold 
for  wide  state  ranges;  a  more  satisfactory  equation  remains  to  be  developed 
(Art.  397).  The  exponential  form  of  expression  gives  merely  an  approximation 
to  the  actual  curve. 

Paths  op  Vapors 

392.  Vapor  Adiabatics.  It  is  obvious  from  Art.  372  that  during 
adiabatic  expansion  of  a  saturated  vapor,  the  condition  of  dryness 

must  change.     We  now  compute  the  equa- 

^ 1*  tion  of  the   adiabatic   for  any   vapor.      In 

Fig.  172,  consider  expansion   from  b  to  e. 
Draw    the    isothermals    7,    t.       We    have 

—Sn.-n,  =  J^+  f  ami  n^-n,  =  ?^,  T,  be- 


■I. 


*       /  9 

YiQ,  172.    Art.  302.  — Eqaa-  ing  the  variable  temperature  along  da.    But 

tion  of  Vapor  AdiabaUc.        ^^^^^^  ^^^  j^  ^,^^  ^p^^jg^  ^^^^  ^j  ^j^^  jj^^j ^  ^ 

constant  and  equal  to  c,  Su:=  6»log^— +  -^,  wie  desired  equation. 
If  the  vapor  be  only  X  dry  at  6,  then 

-'^  =  clog,^  +  ^. 
^  -  t  ^  t       T 

393.  Applicatioiis.  This  equation  may  of  course  be  used  to  derive  the  results 
shown  graphically  in  Art.  373.  For  example,  for  steam  initially  dry,  we  may 
make  JC  =  1,  and  it  will  be  always  found  that  Xc  is  less  than  1.  To  show  that 
water  expanding  adiabatically  partially  vaporizes,  we  make  J?  =  0.  To  determine 
the  condition  under  which  the  dryness  may  be  the  same  after  expansion  as  before 
it,  we  make  x  =  A'. 

394.  Approximate  Formulas.  Rankine  found  that  the  adiabatic  might  be 
represented  approximately  by  the  expression, 

PV^  =  constant; 

which  holds  fairly  well  for  limited  ranges  of  pressure  when  the  initial  dryness  is 
1.0,  but  which  gives  a  curve  lying  decidedly  outside  the  true  adiabatic  for  any  con- 
siderable pressure  change.  The  error  is  reduced  Jis  the  dryness  decreases,  down  to 
a  certain  limit.     Zeuner  found  that  an  exiK)nential  equation  might  be  written  in 
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e  made  to  depend  upon  the  initul 


the  fonn  PV*  =  constant,  if  the  value  of  n  n 
dryness.    He  represented  thU  by 

n  =  1.035  +  0.100  X 

for  values  of  X  ranging  from  0.70  to  1.00,  and  found  it  b)  lead  to  sufficiently  accu- 
rate results  for  all  usual  expansions.  For  a  compresaion  from  an  initial  dryness  r, 
n  =  1.034  +  0.11  X.  Where  the  steam  la  initially  ilry,  n  =  1.135  for  expansion  and 
1.144  for  compression.  There  is  seldom  any  good  reason  for  the  use  of  exponential 
formulas  for  steam  adiabatics.  The  relation  between  the  true  adiabalic  and  that 
described  by  the  exponential  equation  b  shown  by  the  curves  of  Fig.  173,  after 
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Ileck  (10).  In  eadi  of  these  five  sets  of  curves,  tlie  solid  line  represents  the 
adiabatic,  while  tlie  shortHlotli'd  lines  are  plotted  from  Zeiuier's  equation,  and  thi- 
long-dotted  hnes  represent  the  constant  drvnesH  curves.  In  I  and  II,  the  twit 
ailiabatics  a]>parently  exactly  poiiicide,  the  valnes  of  i  licinK  1.00  and  ll.T-'i,  In 
111,  IV',  and  V,  there  h  an  ineri-asinj,'  iiiver(,'ence,  for  j:  =  {l.M,  0^5  and  0,  Case 
V  in  for  the  liquid,  to  which  no  surh  formula  as  Uio.w  discussed  could  be  ex{iected 
to  apply, 

395.   Adiabatics  and  Constant  Dryness  Curves.     Tlie  constant  dryness  curves 

I  and  II  in  Fig.  173  fall  .ilmvp  the  ailialiatid,  indicating  that  heal  is  ahsorbe-l  durinij 
eijxinsion  ulong  the  ••ini<liint  ilri/nenii  Hue.  Since  the  temperature  falls  during 
ex]>ansion,  tlie  spi;rifie  lieat  along  thi-se  ci'iisfant  ilryness  curves,  within  tho  limits 
shown,  must  neci'sjuirily  lie  iii'gative,  a  ri'^uU  iitlii-rwise  derived  in  ArL  373.  The 
points  of  tiUitJi'iicy  of  tlinse  curves  with  llie  corn'sjionding  adiabatics  give  the 
points  of  inversion,  at  which  tlie  Kpccitic  lieat  changes  sign. 
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396.  External  Work.    The  work  during  adiabatic  expansion  from 
I^Vto  pvy  Bssummgpjf  =  PV^^  is  represented  by  the  formula 

n—  1 

More  accurately,  remembering  that  the  work  done  equals  the  loss  of 
internal  energy,  we  find  its  value  to  be  IT—  A  +  XR  —  irr,  in  which 
JT'and  h  denote  the  initial  and  final  heat%  of  the  liquid.    /u^.)tJ?^'-ML'+1^i\) 

397.  Superheated  Adiabatic.    Three  cases  are  suggested  in  Fig.  174,  paths  ym, 
jk,  de,  the  initially  superheated  vapor  being  either  dry,  wet,  or  superheated  at  the 


W 


y 


Fio.  174.    Art.  397.  —  Steam  Adiabatics. 


end  of  expansion.      If  k  be  the  mean  value  of  the  specific  heat  of  superheated 
ft  team  for  the  range  of  temperatures  in  each  case,  then 

for ym,  c  log.  |)  +  1^  +  k  log,  |f  =  ^; 
foryt,  c  log.  ^  +  (;?  +  i-  log.  -5  =  ^*; 

■la         1  h  -'6  'a 

forJ^,clog.^^  +  ^f  +  ^-^log.-^^  =  ^  +  ^2log.^^ 


r. 


T 


398.   Entropy  Lines  for  Superheat.     !Many  problems  in   superheated 

steam  are  conveniently  solved  by  the  use  of  a  carefully  plotted  entropy 

diagram,  as  shown  in  Fig.  175.*     The  plotting  of  the  curves  within  the 

saturated  limits  has  already  been  explained.      At  the  upper  right-hand 

comer  of  the  diagram  there  appear  constant  pressure  lines  and  constant 

total  heat  curves.     The  former  may  be  plotted  when  we  know  the  mean 

specific  heat  A:  at  a  stated  pressure  between  the  temperatures  T  and  t :  the 

T 
entropy  gained  being  k  log.  — .      The  lines  of  total  heat  are  determined 

*  This  diagram  is  based  on  saturated  steam  tables  embodying  Regnaalt's  results,  and 
on  Thomas'  values  for  A;;  it  does  not  agree  with  the  tables  given  on  pages  247,  218.  The 
Mune  remark  applies  to  Figs.  159  and  177. 
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by  tliei  following  method:  —  For  saturated  steam  at  103.38  lb.  pressure, 
H=i  1182.6,  T=a30°  F.  As  an  approximation,  the  total  heat  of  1200 
B.  t-  vx.  will  require  (1200  -  1182.6)--  0.4805  =  36.1°  F.  of  superheating. 
For  this  amount  of  superheating  at  100  lb.  pressure,  the  mean  specific 
heat  is,  according  to  Thomas  (Fig.  171),  0.604;  whence  the  rise  in  tem- 
I>erstture  is  17.4 -*- 0.604  =  28.7°  F.  For  this  range  (second  approxima- 
*^o^),  the  mean  sp3cific  heat  is  0.612,  whence  the  actual  rise  of  temperature 
^*  1 T -4 -1-0.612  =  28.4°  F.  No  further  approximation  is  necessary;  the 
amount  of  superheating  at  1200  B.  t.  u.  total  heat  may  be  taken  as  28°  F., 

which  is  laid  off 
vertically  from  the 
point  where  the  satu- 
ration curve  crosses 
the  line  of  330°  F., 
giving  one  point  on 
the  1200  B.  t  u.  total 
heat  curve. 

A  few  examples 
in  the  application  of 
the  chart  suggest 
themselves.  Assume 
steam  to  be  formed 
at  103,38  lb.  pres- 
sure ;  required  the 
necessary  amount  of 
superheat  to  be  im- 
parted such  that  the 
steam  shall  be  just 
dry  after  adiabatic 
expansion  to  atmos- 
pheric pressure.  Let 
rsy   Fig.  176,  be  the 

^^e  of  atmospheric  pressure.  Draw  st  vertically,  intersecting  rfi;  then 
^^  the  required  initial  condition.    Along  the  adiabatic  tSj  the  heat  contents 

^^tease  from  1300  B.  t.  u.  to  1150.4  B.  t.  u.,  a  loss  of  149.6  B.  t.  u. 

To  find  the  condition  of  a  mixture  of  unequal  weights  of  water  and  super- 
heated steam  after  the  establishment  of  thermal  equilibrium,  the  whole 
operation  being  conducted  at  constant  pressure :  let  the  water,  amounting 
to  10  lb.,  be  at  r.  Fig.  176.  Its  heat  contents  are  1800  B.  t.  u.  Let  one 
Douud  of  steam  be  at  f,  having  the  lieat  contents  1300  B.  t.  u.  The  heat 
gained  by  the  water  must  equal  that  lost  by  the  steam  ;  the  final  heat  con- 
tents will  then  be  3100  B.  t.  u.,  or  282  B.  t  u.  per  pounds  and  the  state 


Fic^^ 


^76.    Arts.  306,  999,  401.  —  Entropy  Diagram,  Superheated 

Steam. 
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will  be  «,  where  the  temperature  is  312°  F.;  the  steam  will  have  been 
completely  liquefied. 

We  may  find,  from  the  chart,  the  total  heat  in  eteam  (wet,  dry,  or 
superheated)  at  any  temperature,  the  quality  and  heat  contents  after 
adiabatic  expaii.sioii  fruui  any  initial  to  any  final  state,  and  the  specific 
volume  of  saturace<1  steam  at  any  temperature  and  dryness. 

899.  The  HolUer  Heat  Chart  This  is  a  variant  on  the  t«niperature 
entropy  diagram,  in  a  form  rather  more  oituvenient  for  some  purposes.  It 
has  been  developed  by  Thomas  (41)  to  cover  Ms  experiments  in  the 
sujierheated  region,  as  in  Fi^- 1""-  In  this  diagram,  the  vertical  cofirdi- 
iiate  is  entropy ;  and  the  hoiiznntal,  total  heat.  The  constant  heat  lines 
are  thus  vertical,  while  adiabatics  are  horizontal.  The  saturation  curve 
is  inclined  upward  to  the  right,  and  is  concave  toward  the  left.  Lines  of 
constant  pressure  are  nearly  continuous  through  the  saturated  and  super- 
heated regions.  The  quality  Hues  follow  the  curvature  of  the  saturation 
line.  The  lemperHture  Hues  in  the  superheated  region  are  almost  vertical. 
It  should  be  remembered  that  the  "  total  heat "  thus  used  as  a  coordinate 
is  nevertheless  not  a  cardinal  property.  The"total  heat"  at  (,  Fig.  176, 
forexampIe,isthatqiiantity  of  boat  which  would  have  been  imparted  had 
water  at  32°  F.bcen  converted  intosupcrheatedsteamat  cotulantpresnure. 

It  will  be  noted  that  within  the  portion  of  saturated  field  which  is 
shonn,  the  total  heat  at  a  given  pressure  is  directly  proportional  to  the 
total  entropy.     This  would  Ik  exacUy  true  if  the  water  line  in  Fig.  175 


-.I 

r» 

z    § 

s 

ai 

%    ! 

lUO 

1 

IT 

1 

IMO 

"ftr 

lUO 

J. 

' 

tUK 

IHO 

,"» 

.     - 

-. 

— i 

.. 

-_ 

_ 

Jul 

-   r,  1 

■     - 

-' 

iM 

_: 

■• 

f" 

- 

--"= 

-  T 

~T 

-'"^ 

I 

'/i-f 

innn 

1  .. 

J 

M 

9M 

"^ 

i_V 

Hi 

1 

1  ;/ 

:'Hi 

»6« 

1  TT"' 

r 

7» 

L 

Li 

4. 

1    i    . 

1 

LJ 

_ 

t.  ^.IQ,  Prulilema. —  ToIhI  Heat-preoaure  Diagram. 


266  APPLIED  THERMODYNAMICS 

were  a  straight  line  and  if  at  the  same  time  tlie  specific  heat  of  water 
could  be  coaatant.     An  empirical  equation  might  be  written  in  the  form 

where  n„  H  and  P  are  the  total  entropy,  total  heat  and  pressure  of 
a  wet  vapor. 

The  so-called  total  heal-praisure  diaicram  (Pik,  185)  is  a  diikgram  in  which  thr 
coordinaleft  are  total  heat  above  32°  F.  and  Gaturalion  leirtperaturc;  it  usually  includes 
curves  of  (a)  constAnl  volume,  (b)  constanl  dryneafl,  and  (c)  in  the  superheated  field, 
constant  temperature,  Vertieal  lines  show  iJie  loss  or  gain  of  heat  corresponding 
to  stal«d  changes  of  volume  or  quality  at  eonstant  pressure.  Horizontal  lines  show 
the  change  in  pressure,  volume,  and  quaJity  oF  steam  resulting  from  throttling 
(Art.  387).    This  diogriira  is  a  uaeful  supplement  to  thai,  of  Mollier. 

Heck  has  developed  a  presgure-lempitralure  diagram  for  both  saturated  and 
superheated  fields,  on  which  curves  of  constant  entropy  and  constant  totaJ  heat 
(throttling  curves)  are  drawn.  By  transfer  from  these,  there  is  <lerived  a  new 
diagram  of  tntal  hfot  on  pressure,  on  which  are  shown  (he  isothermals  cf  superheat. 
A  study  of  the  shape  of  these  isothermals  illustrates  the  variations  in  the  specific 
heat  of  superheated  steam. 

Vapohs  in  GE^EKAL 
400.  Analytical    Method:    Mathematical  Thermo  dynamic  b.      An    expr^sion 

tor  the  volume  of  any  saturated  viipor  wm*  derived  in  Art.  368: 

Where  the  specific  volume  ia  known  by  experiment,  this  equation  may  be  used  for 
computing  the  latent  heat.  A  general  method  of  deriving  this  and  certain  related 
expressions  is  now  to  be  described.  Let  a  mixture  of  j:  lb.  of  dry  vapor  \ 
(1  -  *)  lb.  of  liquid  receive  heat.  dQ.     Then 

dQ  =  txdT+  c(l-  I)  jr+  Irfjr, 

in  which  k  is  the  "specific  heat"  of  the  continually  dry  va|>or,  L  the  Intent  hekt 
of  evaporation,  and  c  the  specific  heat  of  the  liquid.     If  P,  I'  are  tiie  pressure 
volume,  and  E  the  internal  energy,  in  foolrpouuds,  of  the  mixture,  then 

rfQ  =  PdV+dR  ^  ^^^.        ,,  _  J., ,, J.     ;,,     whence 
778  ^         ' 

rfE  =  778[tj:  +  <(I  -i)]'/y  + 778 /-<?«-  PiSV. 

Now  V={f)T,x;  whencerfr  =  |^</r  +  ?^'rfi,  whence  ■ 

dB  =  778  \kx  +  c  (1  -  j)]  dT  +  778  Ldx  -  P^Z  dT-  P  ^,lx 

Moreover,  E  =  (/)  T,  r.  whence  ^^ 
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giving  ^(778i-pg)=|(778Cto  +  c(l-x)]-pg) 

(all  properties  excepting  V  and  x  being  fonotions  of  7*  only). 

The  volume,  V,  may  be  written  xu  +  w,  where  r  is  the  volume  of  the  liquid  and 

tt  the  increase  of  volume  during  vaporization.     This  gives  S  F  =  uSx  or  ^  =  ti. 

Ox 

Also,  since  V=  (/)  T,  x,  ^=-  =  ^^    ,  and  equation  (A)  becomes 

778  4^-^^  =  77S(k  -  c),  or  778  ^  +  778  (c  -  1)  =  u  ^,  or 

^^c^k  =  JL^.  (B) 

</r  778  </r  ^  ^ 

Now  if  the  heat   is   absorbed    along    any  reversible    path,     -^  =  dN,    or 
dN  =  ^>^^  +  g(^  -  ^M^  +  ^^  =  kx  -\-  c(l  -  x)  ^p      Z^^ 

i.=  (/)x,  7-.  whence.  £(g)  =  ^(g). 

8  far  -h  g(l  -  3^)  _   3   L 

Sx        r  8r  r' 

ib-c_    rfr 

4L^e'-k  =  ^,  (C) 

which  may  be  combined  with  (B),  giving 

7784  —  =  M  =  7  -  r,  as  in  Art  369.  (D) 

TdP  ^    ' 

401.  Compatation  of  Properties.  Equation  (D),  as  thus  derived,  or  as  obtained 
in  Art  369,  may  be  used  to  compute  either  the  latent  heat  or  the  volume  of  any 
vapor  when  the  other  of  these  properties  and  the  relation  of  temperature  and  pres- 
sure is  known.  The  specific  heat  of  the  saturated  vapor  may  be  obtained  from 
(C);  the  temperature  of  inversion  is  reached  when  the  specific  heat  changes  sign. 
For  steam,  if  Z  =  1113.94  -  0.695  r    (Art   379),  where  t  is   in  degrees   F.,   or 

1113.94  -  0.695(r  -  459.6)  where  T  is  the  absolute  temperature:  ^,=  -  0.695. 

di 

Also  c  =  1 ;  whence,  from  equation  (C),  k  =  0.305  —  -\  which  equals  zero  when 
T=  1433**  ab«)lute.*    At  212°  F.,  k  =  0.:i05  -  py^^  =  - 1.135.     This  may  be  roughly 

*  This  would  be  the  temperature  of  iDversion  of  dry  steam  if  the  formula  for  L  held  : 
bot  L  becomes  saro  at  689^  F.  (Art.  379),  and  the  saturation  curve  for  steam  slopes  downward 
toward  the  right  throughout  its  entire  extent.  For  the  dry  vapors  of  chloroform  and  ben- 
siiie»  there  exist  known  temperatures  of  inversion. 
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checked  from  Fig.  175.     In  Fig.  176,  consider  the  path  sb  from  212''  F.  to  loT"*  F^ 

and  from  n  =  1.735  to  n  =  1.835  (Fig.  175).     The  average  height  of  the  area  cube 

212  4-  157 
representing  the  heat  absorbed  is  459.0  + "Z         =  644.1;  whence,  the  area  is 

614.1  (1.835  —  1.735)  =  64.41  B.  t  u.,  and  the  mean  specific  heat  between  s  and  b  is 
6 1.41  -=-  (212  —  157)  =  1.176.  The  properties  of  the  volatile  vapors  used  in  refriger- 
ation are  to  some  extent  known  only  by  computations  of  this  sort.  When  once 
the  pressure-temperature  relation  and  the  characteristic  equation  are  ascertained  by 
exjxiriment,  the  other  properties  follow. 

402.  Engineering  Vapors.  The  properties  of  the  vapors  of  steam,  carbon 
dioxide,  ammonia,  sulphur  dioxide,  ether,  alcohol,  acetone,  carbon  disulphide,  carlwn 
tetrachloride,  and  chloroform  have  all  been  more  or  less  thoroughly  studied.  The 
first  five  are  of  considerable  importance.  For  ether,  alcohol^  chloroform,  carbon  disul- 
phide, carbon  tetrachloride,  and  acetone,  Zeuuer  has  tabulated  the  pressure,  tempera- 
ture, volume,  total  heat,  latent  heat,  heat  of  the  liquid,  and  internal  and  external 
work  of  vaporization,  in  both  French  and  English  units  (42),  on  the  basifl  of 
Regiiault's  experiments.  The  properties  of  these  substances  as  given  in  Peabody's 
*' Steam  Tables"  (1890)  are  reproduced  from  Zeuner,  excepting  that  the  values 
-  273.7  and  426.7  are  used  instead  of  -  273.0  and  424.0  for  the  location  of  the 
absolute  zero  centigrade  and  the  centigrade  mechanical  equivalent  of  heat, 
respectively.  Peabody's  tables  for  these  vapors  are  in  French  units  only.  Wood 
has  derived  expressions  for  the  properties  of  these  six  vapors,  but  has  not  tabulated 
their  values  (43).  Rankine  (44)  has  tabulated  the  pressure,  latent  heat,  and  density 
of  ether,  per  cubic  foot,  in  English  units,  from  Regnault's  data.  Yor  carbon  dioxide, 
the  exjieriniental  results  of  Andrews,  Cailletet  and  Hautefeuille,  Cailletet  and 
Mathias  (45),  and,  finally,  Amagat  (46),  have  been  collated  by  Mollier,  whose 
table  (47)  of  the  properties  of  this  vapor  has  been  reproduced  and  extended,  in 
French  and  English  units,  by  Zeuner  (48).  The  vapor  tables  appended  to  Chapter 
XV  HI,  it  will  be  noted,  are  based  on  those  of  Zeuner.  The  entropy  diagrams  for  am- 
monia, ether,  and  carbon  dioxide,  Figs.  314-316,  have  the  same  foundation. 

The  })resent  writer  (in  Vapors  for  Heat  Engines,  D.  Van  Xostrand  Co.,  1911) 
has  computed  the  entropies  and  prepared  temperature-entropy  diagrams  for  alcohol, 
acetone,  chloroform,  carbon  chloride  and  carbon  disulphide. 

403.  Ammonia.  Anhydrous  ammonia,  largely  used  in  refrigerating 
inachiiies,  was  first  studied  by  Regnault,  who  obtained  the  relation 

logp  =  8.4079-?^, 

If 

in  which  ^>  is  in  pounds  per  square  foot  and  t  is  the  absolute  temperature. 
A  ''characteristic  equation"  between  ;),  r,  and  t  was  derived  by  Leiioux 
(49)  and  employed  by  Zeuner  to  i)ermit  of  the  computation  of  F,  i,  ^> '' 
and  tlie  si)ec.ific  heat  of  the  liquid  (the  last  having  recently  been  deter- 
mined experimentally  (♦'>0)).  The  results  thus  derived  were  tabulated  i)}' 
Zeuner  (f)!)  for  ti'injieratures  below  32°  F.  ;  wdiile  for  higher  temperatures 
ho  uses  the  experimental  values  of  Dietrici  (52).  Peabody's  table  (w 
also  derived  from  Ledoux,  uses  his  values  for  temperatures  exceeding 
32°  F. ;  Zeuner  regards    Ledoux's    values   in   this   region   as  unreliaWe- 
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Peabody's  table  is  in  French  units ;  Zeuner's  is  in  both  French  and  Eng- 
lish units.  The  latent  heat  of  evaporation  has  been  experimentally  de- 
termined by  Regnault  (54)  and  Von  Strombeck  (55).  The  specific  volume 
of  the  vapor  at  —  26.4®  F.  and  atmospheric  pressure  is  17.51  cu.  ft ;  that  of 
the  liquid  is  0.025;  whence  from  equation  (D),  Art.  400, 

=  i'^^-:? (17.51  -  0.025)P^^^  >"  ^'^^^  X  14  7  X  144\     ^^ 
778  ^  \  433.2  x  433.2  J  ' 

dP 
the  value  of  —  being  obtained  by  differentiating  Regnault's  equation, 

above  given.  From  a  study  of  Regnault's  experiments.  Wood  has  derived 
the  characteristic  equation, 

PF  ^  Q-^  __  16920 

which  is  the  basis  of  his  table  of  the  properties  of  ammonia  vapor  (56). 
Wood's  table  agrees  quite  closely  with  Zeuner's,  as  to  the  relation  between 
pressure  and  temperature;  but  his  value  of  L  is  much  less  variable.  For 
temperatures  below  0°  C,  the  specific  volumes  given  by  AVood  are  rather 
less  than  those  by  Zeuner;  for  higher  temperatures,  the  volumes  vary 
less.  Zeuner's  table  must  be  regarded  as  probably  more  reliable.  The 
specific  heat  (0.508)  and  the  density  (0.597,  when  air  =  1.0)  of  the  super- 
heated vapor  have  been  determined  by  experiment. 

404.  Snlphiir  Dioxide.  The  specific  heat  of  the  superheated  vapor  is  given  by 
Regnault  as  0.154^)8  (57).  The  specific  volume,  as  compared  with  that  of  air,  is 
2.23  (58).  The  specific  volume  of  the  liquid  is  0.0007  (50)  ;  its  specific  heat  is 
approximately  0.4.  A  characteristic  et^uation  for  the  saturated  vapor  has  been 
derived  from  Regnault's  experiments : 

Pr=  26.4  r- 184 po-»; 

in  which  Pis  in  pounds  per  S(]uare  foot,  I' in  cubic  feet  per  pound,  and  T  in  abso- 
lute degrees.  The  relation  between  pressure  and  t<?niperature  has  been  studietl  by 
Regnault,  Sajotschewski,  Blumcke,  and  Miller.  Regnault's  observations  were 
ma<ie  between  -  40^  and  LW  F.;  Miller's,  between  68  and  211°  F.;  a  table  repre- 
senting the  combine<i  results  has  been  given  by  Miller  (60).  In  the  usual  fonii 
of  the  general  equation, 

Iojj:  p  =  a  —  hd'*  —  r< ", 

the  values  given  by  Peabody  for  pressures  in  ix)unds  p^r  square  inch  are  (61) 
a  =  3.0527847,  log  b  =  0.4702425,  lo-  d  =  1.0084004,  log  c  =  1.1650562,  log  e  = 
1.99293800,  n  =  18.4  +  Fahrenheit  temi^erature.  The  specific  volumes,  deterniin^'d 
by  the  characteristic  equation  and  the  pressure-tenii>erature  formula,  ]>ermit  of  the 
computation  of  the  latent  heat  from  equation  (I)),  Art.  400.     An  empirical  formula 
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lor  this  property  i«  A  =  17f}  -  0.27  (;  -  32),  in  which  I  is  the  Fahrenheit  letnpfr*- 
ture.  The  experimental  resultsof  Cailletet  and  Mathias,  and  of  MathiM  alone  (82), 
have  led  to  the  tables  of  Kf  uner  (63)-  Peabody,  following  l^doux's  analyws.  Iim 
also  tabulated  the  propertieis  in  French  units.  Wood  (64)  has  independently  com- 
puted the  pi-opertiea  in  both  French  and  English  units.  Coraiwring  Wood'a,  Zeu- 
iier's,  and  Peabody's  tables,  Zennor'ii  values  for  L  and  V  are  both  less  than  those  ol 
Peatiody.  At  0°  F,,  he  makes  L  less  than  does  Wood,  departing  even  more  widely 
than  the  latter  from  .Jacobus'  experimental  resulta  (6n)  :  at  3(1°  F..  his  value  of  L  is 
greater  than  Wood's,  and  at  104°  F.,  it  is  again  less.  The  tabulated  values  of  the  < 
eperilii'  volames  differ  correspondingly.  Zeuner's  table  may  be  regarded  as  sta- 
taincd  by  the  experiments  of  Cailletet  and  Muthiaa,  but  the  lack  of  conoordanro 
wilh  thp  experimcn I  111  reBulla  of  Jacobus  remains  to  be  cx|ilained. 

406.  Steam  at  low  Temperatures.  Ordinary  tables  do  not  give  the  properlit* 
of  water  vapor  for  lunperatures  lower  than  those  corresponding  lo  the  absolute 
pressures  reichod  in  steam  engineering.  Zeuner  has,  however,  tabulated  them  for 
temperatures  down  Ia  —4°  P.  (661. 

406'i.  Vapors  for  Heat  Engines.  Engines  hfive  been  built  uaiog, 
instead  of  steam,  the  vapors  of  alcohol,  gasolene,  ammonia,  ether, 
sulphur  dioxide  and  carbon  dioxide,  with  good  results  as  to  thermal 
efficiency,  if  not  with  commercial  success.  In  a  simple  condensing 
engine,  with  a  rather  low  expansive  ratio,  a  considerable  saving  may 
be  effected  with  some  of  these  vapors,  as  compared  with  steam;  and 
the  coat  of  the  fluid  is  not  a  vital  matter,  since  it  may  be  used  over  and 
over  again.  Strangely  enough,  in  the  case  of  none  of  the  vapors  is  a 
very  low  discharge  temperature  practically  desirable,  under  usual 
simple  condensing  engine  conditions.  This  statement  applies  even' 
T—t  < 

to  steam.     The  Camot  cnterion  —=  ■  does  not  exactly  apply,  ainca' 

it  refers  to  potential  efficiency  only;  but  the  use  of  a  substitute  rapor 
might  perhaps  be  justified  on  one  of  the  two  grounds,  {«)  an  increased 
upper  temperature  without  excessive  pressures  or  ((»)  a  dccres^cd 
lower  temjjerature  at  a  reasonable  vacuum,  say  of  I  lb.  absolute. 
To  meet  both  requirements  the  vapor  would  have  to  give  a  pi  curve 
crossing  that  of  steavi.  It  is  probable  that  carbon  tetrachloride  is 
luch  a  vapor,  bearing  such  a  relation  to  steam  as  alcohal  does  to  it. 
Tso  great  gain  is  possible  in  respect  to  the  lower  temperature  liinitf 
since  this  linu't  is  in  any  case  established  by  the  coohug  wator.  The 
criterion  given  in  Art.  630  measures  tlie  relative  efficieniucs  of  fluida 
working  in  the  Clausius  cycle.  On  this  basis  steam  surpasses  all  othet 
common  vapors  in  potential  thermal  efficiency. 

The  lower  "  heat  content "  per  pound  of  the  more  volatile  and 
heavy  vapors  leads  to  a  greatly  reduced  nozzle  velocity  with  adtabatio 
flow,  and  this  suggests  the  possibility  of  developing  a  turbine  expanding 
in  one  operation  without  excessive  peripheral  speeds  (see  Chapter  XIV). 
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The  greater  density  of  the  volatile  vapors  also  leads  to  the  con- 
clusion that  the  output  from  a  cylinder  of  given  size  might  in  the  cases 
of  some  of  them  be  about  twice  what  it  is  from  a  steam  cylinder. 

On  the  whole,  the  use  of  a  special  vapor  seems  to  be  more  promising, 
technically  and  commercially,  than  the  binary  vapor  principle  (Art. 
483).  For  a  fuUer  discussion  of  this  subject,  reference  may  be  made 
to  the  work  referred  to  in  Art.  402. 

Steam  Cycles 

406.  The  Carnot  Cycle  for  Steam.  This  is  shown  in  Figs.  163, 
179.     The  efficiency  of  the  cycle  abed  may  be  read  from  the  entropy 

T-t 


diagram  as 


T 


The  external 


work  done  per  pound  of  steam 
T-t 


is  L 


is  wet,  it  is  xL 


or  if  the  steam  at  b 
T-t 


If  the 


fluid  at  the  beginning  of  the 
cycle  (point  a)  is  wet  steam 
instead  of  water,  the  dryness 
bein&r   x^   then   the    work    per 

°        "  .  ^         Fio.  179.    Art.  406. —Caniot  Cycle  for  Steam. 

pound    of    steam  is  L{x  —  x^) 

7*—  t 

— -^  •     In  the  cycle  first  discussed,  in  order  that  the  final  adiabatic 

compression  may  bring  the  substance  back  to  its  initially  dry  state  at 
<f,  such  compression  must  begin  at  rf,  where  the  dryness  is  md  -f-  mn* 

The  Carnot  cycle  is  impracticable 
with  steam ;  the  substance  at  d  is 
mostly  liquid,  and  cannot  be  raised 
in  temperature  by  compression. 
What  is  actually  done  is  to  allow 
condensation  along  cd  to  be  com- 
pleted, and  then  to  warm  the  liquid 
or  its  equivalent  along  ma  by  trans- 
mission of  heat  from  an  external 
source.  This,  of  course,  lowers 
the  efficiency. 

407.   The  Steam  Power  Plant.     The  cycle  is  then  not  completed  in 
the  cylinder  of  the  engine.     In  Fig.  180,  let  the  substance  At  d  he 


Fio.  ISO.    Arts.  407,  408,  410,  412,  413.— 
The  Steam  Power  Plant. 
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cold  water,  either  that  resulting  from  the  action  of  the  condenser 
on  the  fluid  which  has  passed  through  the  engine,  or  an  external 
supply.  Tiiis  water  is  now  delivered  by  the  feed  pump  to  the  boiler, 
in  which  its  temperature  and  pressure  become  those  along  ab.  The 
work  done  by  the  feed  pump  per  pound  of  fluid  is  that  of  raising 
unit  weight  of  the  liquid  against  a  liead  equivalent  to  the  pressure; 
or,  wliat  is  the  same  thing,  the  product  of  the  specific  volume  of  the 
water  by  the  range  in  pressure,  in  pounds  per  square  foot.  From 
a  to  J  the  substance  is  in  the  boiler,  being  changed  from  water  to 
steam.  Along  he,  it  is  expanding  in  the  cylioder;  along  cd  it  is 
being  liquefied  in  the  condenser  or  being  discharged  to  the  atmos- 
phere. In  the  former  case,  the  resulting  liquid  reaches  the  feed 
pump  at  d.  In  the  latter,  a  fresh  supply  of  liquid  is  taken  in  at  d, 
but  this  may  be  thermally  equivalent  to  the  liquid  resulting  from 
atmospheric  exhaust  along  cd.  (See  footnote,  Art.  502.)  The  four 
oi'gans,  feed  pump,  boiler,  cylinder, 
and  condenser,  are  those  essential  in 
a  steam  [M>\ver  plant.  The  cycle  rep- 
resents the  changes  undergone  by 
the  fluid  in  its  passage  through  them. 


I 

/  r 

jJX 

1  \   \ 

\  \      \ 

408.    Clattsius  Cycle.     The  cycle 

of  ^""ig,  IHU,  wni'keil  without  adiahatie 

iiomfn-nxioH,    is   known    as    that    of 

Vl'umits.      Its   entropy    diagram    is 

Fio.  im.    Ap.s.4WMi;i.-s,B,tm        „|ii)wn   as  debt:  in  Fig.   1«1,  that  of 

tlic  triirrespondingCarnot  cycle  iHiing 

dhbc.     The  <'arnot  efliciency  is  obviously  greater  than  that  of  the 

('lau.sius  cycle.     For  wft  steam  the  corresponding  cycles  aro  dtrkl 

and  dhkl. 


Efficiency.     In  Fig.  ISl.  (iycle  deb/^,  the  efficiency  is 


ideJ+JcbK 


-  Aj  +  ii 


But  x,=  dc-i-df= 


Lr^Ta 


-,  if  the  specific  heat  of  the 
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liquid  be  unity.     Then  letting  T,  L  refer  to  the  state  6,  and  t,  Z  to 
the  state  c^  the  efficiency  is 

r-t  +  Xv        ^  T-t  +  i  ' 

which  is  determined  «o/eZy  6y  fA«  temperature  limits  Tand  t.     For 
steam  initially  wet,  the  efficiency  is 


(2^-0(l  +  ^)-nog.| 


T-t  +  XL 

410.  Work  Area.     In  Figs.  180,  181,  we  have 

ignoring  the  small  amount  of  work  done  by  the  feed  pump  in  forcing 
the  liquid  into  the  boiler.  But  Pb(,Vi,  —  v^)  =  ^^  and  PfXciyf  —  ^a)  =  ■''c^/ 
(Art.  359),  whence 

a  result  identical  with  the  numerator  of  the  first  expression  in  Art. 
409. 

411.  Rankine  Cyde.  The  cycle  dehgq^  Fig.  181,  ahgqd^  Fig.  180, 
is  known  as  that  of  Kankine  (ii7).  It  differs  from  that  of  Clausius 
merely  in  that  expansion  is  incomplete,  the  "toe"  (jcq^  Fig.  180, 
being  cut  off  by  the  limiting  cylinder  volume  line  </r/.  This  is  the 
ideal  cycle  nearest  which  actual  steam  engines  work.  The  line  gq  in 
Fig.  181  is  plotted  as  a  line  of  constant  volume  (Art.  377 ).  The 
efficiency  is  obviously  less  than  that  of  the  Clausius  cycle ;  it  is 

ehgqd  ^  TT,,  +  TT^  -  TT,^  (Fig.  180) 
idehK  \  —  A,i  +  Z^ 

h,  -  h,f  +  L^ 

The  values  of  h^  x^  r„  ar^,  depend  upon  the  limiting  volume  v^  =  v^ 
and  may  be  most  readily  ascertained  by  inspecting  Fig.  175.  The 
computation  of  these  properties  resolves  itself  into  the  problem  :  given 
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the  initial  state^  to  find  the  temperature  after  adiabatic  eaj>ansion  to  a 
given  volume.     We  have 

Vy  -  ^r  =  ^/^  -  Vr>  ng  =  ntfl 

^     n^  —  n^     n,  —  n^         X,  -*-  iT^     ' 


whence 


^'('"^'l+D 


in  which  v^,  T,,  L^  are  given,  Vr  =0.017,  and  v,,  L,  are  functions  of 
Tr,  the  value  of  which  is  to  be  ascertained.  The  greater  the  ratio 
of  expansion,  v^-s-v^.  Fig.  181,  with  given  cyclic  limitS;  the  greater 
is  the  efficiency. 

412.  Non-expansive  Cycle.  This  appears  as  d^t.  Fig.  181 ;  andVi6«<f,  Fig.  180. 
No  expansion  occurs;  work  is  done  only  as  steam  is  evaporated  or  oondenaed. 
The  efficiency  is  (Fig.  181) 


debt 


_W^-  W^  (Fig.  180)  _  p^(v^  -  r,)  -  p,  (Pt  ~  r^) 


idebK  K-K-^Lj,  A,  -  A4  +  Xi 

This  is  the  least  efficient  of  the  cycles  considered. 

413.  Pambour  Cycle.  The  cycle  dehf.  Fig.  181,  represents  the  operation  of  a 
plant  in  which  the  steam  remains  dry  throughout  expansion.  It  is  called  the 
Pambour  cycle.  Expansion  may  he  incomplete,  giving  such  a  diagram  as  delmq> 
I-^t  abed  in  Fig.  180  represent  deb/ iu  Fig.  181.     The  efficiency  is 

extenjal  work  done  external  work  done 


gross  heat  absorbed      heat  rejected  +  external  work  done 

_  _  H^gft  +  Wh^  -  Wed      _       Pb(vb  -  Vu)  H-  16(  PiVh-PA'/)-pAv/  -  Vd) 


Lf  +  Wab  +  W^  -  Wed      Lf+pi(vi,  -  r.)H-  16(/>»r»  -p/v/)  -  P/{v^-  r^)' 

in  which  the  saturation  curve  bf  may  be  represented  by  the  formula  pv^i  =  con- 
stant (Art.  80>i).     A  s^bcond  method  for  computing  the  efficiency  is  as  followH: 

the  area  debf=\    -^dT,  in  which  T  and  t  are  the  temperatures  along  eb  and  df 
respectively,  and  L  =  (/)  T  =  1433  -  0.695  T  (Art.  379).     This  givea 

d€b/=  1433  log.- -  0.695(7'  -  0, 
and  the  efficiency  is 

1433  log.  -  -  0.695  (r  -  0 

deb/  _        deb/       _  t 


idehfv     debf+idfo      i433,og^I_o.695(r-0  +  £/ 
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The  two  computations  will  not  precisely  agree,  because  the  exponent  H  doea  not 
exacUy  represent  the  saturation  curve,  nor  does  tl)e  formula  for  L  in  terms  of  T 
hold  rigorously. 

Of  the  whole  amount  of  heat  supplied,  the  portion  Kbfv  was  added 
durtug  expansion,  aa  by  a  ^eam  jacket  (Art.  439).     To  ascertain   this 
amount,  we  have 
heat  added  by  jacket 

=  whole  heat  supplied  —  heat  present  at  beginning  of  expansion   . 

=  1433  log. -^-0.695(r-()+-'v-=-ft.  +  ^4-^ 

The  efficiency  is  apparently  less  than  that  of  the  Clausiua  cycle  (Fig. 
181).  In  practice,  however,  steam  jacketing  increases  the  efficiency  of 
engines,  for  reasons  which  will  appear  (Art.  439). 


414.  Cycles  with  Superheat.  As  in  Art.  397,  three  cases  are  pos- 
sible. Figure  182  shows  the  Clausius  cycles  debxw,  dehtff,  debzAf, 
in  which  the  steam  is  respectively  wet,  dry,  and  superheated  at  the 
end  of  expansion.  To  appreciate 
the  gain  in  efficiency  due  to  super- 
heat, compare  the  first  of  these 
cycles,  not  with  the  dry  steam 
Clausius  cycle  debc,  but  with  the 
superior  Camot  cycle  dhbc.  If  tlie 
path  of  superheating  were  hO,  the 
efBciency  would  he  unchanged ; 
the  actual  path  is  hx,  and  the  work 
area  bxC  is  gained  at  100  per  cent 
efficiency.  The  cycle  df^xw  is 
thus  more  efficient  than  the  Car- 
not  cycle  dhbc,  and  the  cycle 
dtiixw  is  more  efficient  than  tlie  Clausius  cycle  debc.  ■  It  is  not  more 
efficient  than  a  Camot  cycle  through  its  ou-n  temperature  limits. 

The  cycle  debyf  shows  a  further  gain  in  efficiency,  the  work  area 
added  at  100  per  cent  effectiveness  being  byE.  The  cycle  debzAf 
shows  a  still  greater  addition  of  this  desirable  work  area,  but  a  loss  of 
area  AfB  now  appears.  Maximum  efficiency  appears  to  be  secured 
with  such  a  cycle  as  the  second  of  those  considered,  in  which  the 
steam  is  about  dry  at  the  end  of  cxpansioQ.    The  Camot  formula 


276 


APPLIED  THERMODYNAMICS 


suggests  tlie  desirability  of  a  bigii  upper  temperature,  and  superheating  t 
leads  to  this ;  but  wJien  superheating  is  carried  so  far  as  to  appreciably  I 
raise  the  temperature  of  heat  emissiori,  as  in  the  cycle  ilehzAf,  the  I 
efficiency  begins  to  fall. 

415.  Efficiencies.     The  work  areas  of  the  three  cycles  diseuaoed  ] 
may  be  thus  expressed  : 

=  A,  -  Ad  +  i,  +  Aa(  7;  ~  TO  -  i,; 

in  which  tj,  ig,  k^.  k^,  refer  to  the  mean  specific  heats  over  the  re- 
spective pressure  and  temperature  ranges.  The  efhciencies  are 
obtained  by  dividing  these  expressions  Vjy  the  gross  amounts  of  heat 
absorbed.  The  equations  given  in  Art.  397  permit  of  computAtJoii 
of  such  quantities  as  are  not  assumed. 

416.  Itemized  External  Work,     The  pressure  and  temperature  at  tlie 

beginning  of  expansion  being  given,  the  volume  may  be  computed  and 
the  external  work  during  the  reception  of  heat  expressed  in  terms  of 
P  and  V.  The  temperature  or  pressure  at  the  end  of  expansion  l)eing 
given,  the  volume  may  he  computed  and  the  negative  external  work 
during  the  rejection  of  heat  calculated  in  similar  terms.  The  whole 
work  of  the  cycle,  less  the  algebraic  sum  of  these  two  work  quantities 
(the  feed  pump  work  being  ignored),  equals  the  work  under  tlia 
adiabatic,   which   may  be  approximately  checked  from  the  funimlti 

— - — ^  .  a  suitable  value  being  used  for  n  (Art.  394).     A  second 

approximation  may  be  made  by  taking  the  adiabatic  work  as  equivalent 
to  the  decrease  in  internal  energy,  which  at  auy  superheated  state  hits 

the  value  A  4-''  +  -{T—  Qi  T  being  the  actual  temperature,  ajid  A,  r,. 

y 

t  referring  to  the  condition  of  satiirntod  steam  at  the  stated  pressure. 
The  most  simple  method  of  obbtining  the  total  work  of  the  cycle  is  to 
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read  from  Fig.  177  the  "  total  heat "  value3  at  the  beginning  and  end 
of  expansion.  (See  the  author's  "  Vapors  for  Heat  Engines,"  D. 
Van  \ostpand  Co.,  1912.) 

417.  CanparisoD  of  Cycles.    In  Fig.  183,  we  have  the  following 
cvcle.-i; 


Fm.  ll«.     Ana.  417,  441,  442.  —  Se< 


Stenm  Cycles. 


Clsusius, 


with  dry  steam,  dehc  (the  corresponding  Carnot 

cycle  being  dkbc); 
with  wet  steam,  dekl ; 
Rankine,  with  dry  steam,  debgq ;     / 

with  wet  steam,  dekJq\ 
Non-expansive,  with  dry  steam,  debt ; 

with  wet  steam,  dekK; 
Pambour,  complete  exj>ansion,  debf; 

incomplete  expansion,  debuq ; 
Superheated  to  x,  complete  expansion,  debxw ; 

incomplete  expansion,  debxLvq ; 
no  expansion,  debxNp; 
Superheated  to  y,  complete  expansion,  debyf\ 

incomplete  expansion,  debyMuq; 
no  expansion,  debyR»', 
Superheated  to  z,  complete  expansion,  dehzAf; 
incomplete  expansion,  debzTuq; 
no  expansion,  debz  Vw. 
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The  lines  (J,  pUx,  »Ry,  wVz,  quT,  are  lines  of  constant  volume. 
Superheating  without  expansion  woul<l  be  unwise  on  either  technical 
or  practical  grounds;  superheating  with  incomplete expanaiou  is  the 
condition  of  universal  practice  in  reciprocating  engines.  The 
seventoeR-eycles  are  drawn  to  PFcoordinates  in  Fig.  184. 


Fhi.  lU.    Arts.  417,  4£l,  421,  61T.  —  Seventeen  SMam  Cycles. 

Illustrative  Problem 

To  compare  Iht  efficiencies,  laid  the  cyelie  areas  as  related  to  the  maximum  volume  at- 
lainf.d:  let  the  maximum  pressure  be  140  lb.,  the  miiiljniim  pressures  \h.,  and  conniiler 
the  Clausiux  cycle  (a)  with  steam  initially  liry.  (/')  with  steam  ioiLially  90  per  cent 
ih'y;  th«  Riinkiiie  with  initially  dry  stijatii  ami  a  maximum  volume  o(  13  cu.  ft,, 
the  same  Raukiue  ivith  steam  initially  fiO  per  cent  dry;  the  non-expansiTe 
with  Ntcam  dry  and  !M)  per  cent  dry;  the  ruinhoiir  (a)  with  complete  expansion 
and  (/')  with  a  imLximiim  vuliime  of  l^t  cu.  ft.;  and  the  nine  types  of  auperheatnl 
cycle,  tliush'anibi-iiig;  (n)  Oli  percent  dry,  ('-)  dry.  (c)  40'  F.  HuiM'rlieated,  at  the 
t^iid  iif  ciMnplete  expansion;  and  cxjiaiiKion  being  (a)  complete,  (A)  limited  to  a 
e  of  l:J  cii.  ft.,  (c)  eliminated. 
.    daiislus  ryde.     The  jr^M  AeiK.ofoorfcJ isA,^-ij+/-,^=324.0-94.0  +  8aT.6 

Thy  'Irswis  at  the  enil  of  expansion  is  dc  -^  (//,  Fig.  183,  =  (n.-nj  +  o^)  -^  "* 

=  {».-M--2  -  0.174!)  +  l.dKT.'.)  -!-  1.74:H  =  0.80S.  / 
The  lual  r.-j.;-l>;l  «hi,i,  cd  is  ij.f  =  O.SIJ;!  x  lOil  =  St9.i. 

isl(l!l«.i>-81fl.4  =  -'?AJt/i./.u.     The  efficiency  ii^^  =  o.S54. 


II.    Claiisiiis  r'jet.-  irilh  ,M  .'leaai.     The  ijrosn  heal  aUorhed  is  A,„  —  A,  +  xj.„ 
=  :V>\.\\  -  ill.O  +  (0.!ll)  X  Slir.O)  =  101.^.i4- 
The  dn/„<-ss   ill    ll.r-  end   of   expansjc.n    is   dt  +  <//=  (n.  -  nj  +  n^)  +  n^ 
=  (0.5072  -  0.1748  +  O.yu  x.  l.OCTo)  ^  1.7431  =  O.74I. 


COMPARISONS  279 

The  heat  rejected  along  Id  is  XiLf  =  0.741  x  1021  =  756. 
The  work  done  is  1015.44  -  756  =  269.44  B,  t.  u. 

The  efficiency  is  ^22^1  =  0,J54. 
-"         ^      1015.44 

(It  is  in  all  cases  somewhat  less  than  that  of  the  initially  dry  steam  cycle.) 

III.  Rankine  cycle,  dry  steam.     The  ffro.<s  heat  nhsorbed,  as  in  I,  is  1098.S, 

The  work  along  dey  Fig.  184,isll4  x  188  x  0.017  =  338.5  foot-pounds  (Art.  407); 
along  eb  is  144  x  140  x  (Fj  —  0.017)  =  64,300  foot-pounds ; 

(r»  =  3.219) 
along  bg  is  h^  +  r^  —  hg  —  x^,  =  109.76  B.t.  u. 

(From  Fig.  175,  /^=247<> F.,  whence Z^=947.4,  F.=14.52,  x^=  Iftr^^llj 

=  0.895.) 

_  [0.5072-2.3 (log  T„  -  log491.6)  -f- 1.0675]  T^ 

1433  -  U.695  Tg 

For  Tg  =  247°  F.  =  70<J.«'  absolute,  this  equation  gives  Xg  =  0.905 ;  a  sufr 
cient  check,  considering  that  Fig.  17.")  is  hasotl  on  a  diiferent  set  of  values 
tlian  thase  used  in  the  steam  tabl.*.     Tlif»n  hx  =  215.4,  r^  =  871.6. 

The  work  along  qd  is  P^i  T,  -  1^)  =  144  x  2  x  (13  -  0.017)=  3740  fooi- 
pounds. 

The  whjle  irork  of  the  cycle  is  64300  -  33^.5  -  3740  ^  ^^^^^^^  ^  ^^^^  ^  ^  ^ 

778 

The  efficiency  is  V^L^  =  0,1704. 

IV.  Rankine  cycle,  wet  steam.     The  gross  heat  ah^orhed  is  as  in  II,  1015J^4' 

The  negative  work  along  de  and  qd  is,  as  in  111,338.5  +  3740  =  407S.5  foot* 

pounds. 

Tlie  work  along  ek  is  lU  x  MO  x  0.90(  \\  -  0.017)=  o7,870  fwt-pounds. 

The  work  along  kJ  is  K  +  Xir^  —  hx—  J^j^t  =  ^O.S  H.  t.  u. 

(From  Fig.  175,  tj[=''l\'l^  F.,  whence  ^x=  -^10.3,  r^  =  875.3,  Fr=  15.78, 

13  —  0.017         A  o.ip  \ 
Xj  = =  O.JsJu.) 

15.78  -  0.017  ^ 

The  whole  work  of  the  cycle  is  57^70^-  4078.5  ^  gj^  g  ^  ^^^^  ^  ^  ^ 

778 

The  efficiency  is  -  ^A^—  =  0.1667. 
•^  -^       1015.44 

V.   Non-expansire  cycle,  dry  steam.     The  gross  heat  absorbed,  as  in  I,  is  1098JS, 
The  frorl*  along  de,  as  in  III,  is  .l.tS. 5  foot-pounds ; 
along  eb,  as  in  III,  is  64.300  foot-pounds ; 

along  td  is  /)rf(  T*  -  I^)  =  111  x  2  x  (3.219  -  0.017)  =  92  J  foot-pounds. 
The  whole  work  of  the  cyHe  is 

64,300  -  338.5  -  922  =  (53,030.5  foot-pounds  =  81.05  B,  t.  vk. 
The  efficiency  is  ^^  =  0,074. 
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VL  yon-txpnniive  cycle,  leet  tttam.    The  grmt  htat  abnorhed,  as  in  11,  is  tOtSUk   \ 
The  tmirk  ahng  tie,  ek,  as  in  IV,  ih  -  338,5  +  57.870  =  S7,SSl..i /ooi-pouadt. 


The  work- along  Kd  h 

The  abolt  umrk  o/ihe  eytte  is 

57,531.5  -  828.8  =  58,701.7  tcwt-pounds  =  78  E 
73.0     _„,„., 


X(3.2ia  -■ai7J=  St9.S faot-poands. 


The  efficiency  is 


1015.M 


VII.   Pambour  cycle,  complele  txpansiim.     Tlie  kent  rrjected  is  Lf=  lOSI.O. 

The  iBork  along  de,  eb,  as  in  III,  i»  -  338.5  +  «i300  =  6Si9S1.5  foot-pound*. 
Tlie  uiort  along  bf\s 

The  leork  along fd  IS  Pt(Vf-  Fd)=  2  x  144(173.5  -0.017)=  i9,aoo  fotl- 

poandi. 
The  ichttle  trork  of  the  cycle  ie  03,081.5  +  236,800  -  49,000  =  SSO,sei.S  foot- 

poundt. 
(Otherwise  1433 log.--  0.aB5(r- 0  =  312  B.  t.  «.  =  t4£.ono  f.«a.pov 

(Art.  413).)  ' 

Using  a  mean  of  the  two  values  for  the  wliola  work,  the  groiai  heat  ataorbtd 

i8  --^+  1"31  =  "40  B.  t.  u.  and  the  efficiency  is  „g*^g^  =  "-«* 

The  heal  supplied  by  Ike  Jacket  iH  1340  -  1098.3  =  S46.S  B.  t.  u. 

VIII.   Pam/mur  cycle,  incomplete  erpannion   (debvi).      In    this    (ms«,  w«    c»ni 
directly  find  the  hent  rejected,  nor  can  we  obtain  the  work  area  by  ir 
gration.*    From  Fig.  17  J  (orfrom  theateBmUble),wefiiid  7".  =  253.8"  F, 
/*,  =  31.84.    The  heat  area  under  bum  Ihon,  very  nearly, 

T.  +  n  ,„       ,^^712.8  +  812.7 


J(n.-nO  = 


^(1.6853- 1.5747)  =  9t  B.  I 


Tlie  whole  heat  abtorbed  is  then  1098.2  +  92  =  1190  t  £ 
The  work  along  de,  eh.  aH  in  VH,  is  63,9ei.Sfool'jtoundii. 
The  Mfori  0(0115  *«  is  m  x  16[C140  x  3.2J9)  -  (31.W  x  13)]  =  SS.noofooi 

pounds. 
The  Kork  along  qtl,  as  in  III,  is  3740  fool-pauads. 
The  ahole  work  of  the  cycle  is 

83,961.5  +  a'i.SOO  -  37*0  =  140,021.5  toot-jiounds  =  ISS.S  B.  I.  u. 
188.2  . 


The  efficiency  v 


11B0.-2 


=  0.1585. 


•  A  Mtlstactory  solution  may  b«  toA  b;  obtalnlnK  tlie  area  of  the  cycle  in  two  tiaru,  ^^ 
borizoDlsl  lino  belnK  drawn  throiiEli  u  lo  !*■.    The  upiier  psri  inny  Ihpn  be  treated  as  n. 
plete^xpanslon  Pnnibour  cycle  and  the  lower  as  a  [loii-eipansiTe  cycle.     The  griiBS  b 
absorbed  U  eqnal  to  tlie  work  of  the  apper  ryrle  plus  the  latent  heat  of  vaporization  al 
diflsinn  temperatare  iitiis  the  illffereuce  of  the  heals  ot  liquid  at  the  dlTision  temperataril 
and  the  lowe«t  lampBralure. 

A  Homewhat  sitiiilar  treatment  leads  to  a  general  solution  for  any  Rankioe  eycle:  I 
which,  if  the  lempemture  at  the  end  of  expansion  be  glvea,  the  use  ot  oharta  brcami 


COMPARISONS  281 

IX.  Superheated  cycle  ^^steam  0.96  dry  at  the  end  of  expansion ;  complete  expansion; 
cycle  debxw.  We  have  «»  =  nrf+x,fi4^=  0.1749  +  (0.96  x  1.7431)=  1.8449. 
The  state  z(n,  =  nj)  may  now  be  found  either  from  Fig.  175  or  from  the 
superheated  steam  table.  Using  the  last,  we  find  7*, = 931 . 1°  F.,  H, = 1481.8, 
Vg  =  5.96.    The  whole  heat  absorbed,  measured  above  7^,  is  then 

1481.8  -  94.0  =  1S87,8. 
The  heat  rejected  is  x^Lf  =  0.96  x  1021  =  98U 
The  external  work  done  is  1387.8  —  981  =  406^^  and  the  efficiency  ia 

^^^^oj:9s. 

1387.8 
(The  efficiency  of  the  Camot  cycle  within  the  same  temperature  limits  is 

931.1  -  126.16 


931.1  +  459.6 


0.68.) 


X.    TTke  same  superheated  cycle,  with  incomplete  expansion. 
The  whole  heat  absorbed,  as  before,  is  1387.8. 
The  work  done  along  de,  eb,  as  in  III,  is  63,961.5  foot-pounds. 
The  work  done  along  bx  is 

P^(V,  -  !'»)=  1-W  X  140(5.96  -  3.219)=  55,000 foot-pounds. 
The  work  done  along  xL  is 

P^y-'P'-^''-  =  144  ((H0x5.n0)-(51.1xl3)\  ^  «,5^^^.^„^.. 
n  —  1  \  0.298  / 

(Tjt  =  13,  P,r,>-2«  =  PlVi}^,  J\  =  Ho/i^^y'*'  =  51.1 ;    a    procedure 

which  is,  however,  only  approximately  correct  (Art.  391).) 
The  work  along  qd,  as  in  III,  is  3740  foot-pounds. 
The  whole  work  of  the  cycle  is 
63,961.5  +55,000  +  81,500  -  3740  =  196,721.5  foot-pounds  =  253.5  B.  t.  u. 

The  efficiency  is  *;''•'    =  0.183. 

lOOi.O 

XI.    The  same  superheated  cycle,  worked  non-expansively.     The  gross  heat  absorbed 
is  1387.8. 
The  work  along  de^  eb,  bx,  as  in  X,  is  118^961.5  foot-pounds. 
The  work  along  ptl  is  2  x  144  x  (5.90  —  0.017)  =  17 16  ftot-pounds. 
The  whole  work  of  the  cycle  is 

118,961.5  -  1716  =  117,245.5  foot-pounds  =  150.6  B.  t.  u. 

The  efficiency  is  ^^^  =  0.1086. 

loot  .o 

XII-  Superheated  cycle,  steam  dry  at  the  end  of  expansion,  complete  expansion  ;  cycle 
dehyf. 
We  have  n^  =  nf=  1.918.  This  makes  the  temperature  at  y  above  the 
range  of  our  table.  Figure  171  shows,  however,  that  at  high  tempera- 
tures the  variations  in  the  mean  value  of  k  are  less  marked.  We  may 
perhaps  then  extrai>ol.'ite  values  in  the  superheated  steam  table,  giving 
7;=  1120.r  F.,  //,  =  1573.5,  \\  =  6.81.  The  whole  heat  absorbed,  above 
Trf,  is  then  1573.5  -  94.0  =  1479.5.     The  heat  rejected  is  X/=  1021. 
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The  external  work  done  is  1479.5  —  1021  r=  458,5  B,  t.  v.,  and  the  efficiency 

458.5       ^  ^- 
18  7-7=77-=  =  O.Sl, 
1479.5 

•  Xin.    Superheated  cycle  as  ahovCf  but  mth  incomplete  expansion.     The  gross  heat 
absorbed  is  1479.5. 
The  work  done  along  de^  eb,  as  in  III,  is  63,961.5  foot-pounds. 
The  work  done  along  bg  is  144  x  140  X  (6.81  -  3  219)  =  7g,e00  foot-pounds. 

(Q  81  \  1*208 
-J-—  j        =r  60.3  pounds,  approximately. 

The  work  done  along  yM  is  144  f(^^^  ^  6.81) -(60.3  x  13)  \  ^  ^^^^  ^^ 

pounds,  also  approximately. 
The  work  done  along  qd,  as  in  III,  is  3740  foot-pounds. 
The  whole  work  of  the  cycle  is 

63,961.5  +  72,200  +  81,100  -  3740  =  213,521.5  foot-pounds  =  275  B.LfL 
The  efficiency  is     "j^    =  0.187. 

I'x/  <7.0 

XIY.   Superheated  cycle  as  above,  but  without  expansion.     The  gross  heat  absorbed 
is  1479,5. 
The  work  along  de,  eb,  by,  as  in  XIII,  is  136,161.5  foot-pounds. 
The  work  along  sd  is  2  X  144  X  (6.81  -  0.017)  =  195£  foot-pounds. 

The  total  work  is  136,161.5  -  1952  =  134,209.5  foot-pounds  =  172.7  B.  t.  u. 

170  7 
The  efficiencu  is  — =^^—  =  0.117. 
-"  -^       1479.5 

XV.   Superheated  cycle,  steam  superheated  4^  F.  at  the  end  of  expansion ;  expan- 
sion    complete;    ci/cle    dehzAf     AVe    h«ive   n^  =  n,  =  1.9486.     A    rather 
doubtful   extrapolatiou   now    makes    r,  =  1202.1°   F.,    //,  =  1613.4,  V, 
=  7.18.     The  whole  heat  absorbed  is  1613.4  -  91.0  =  1519.4^     The  heat  re- 
jected is  //x  =  1133.  J.     The  total  work  is  1519.4  -  1133.2  =  386.2  B.  t.  «., 

386  ^ 
and  the  efficiency  is  —J    '-^=  0.255. 

X  Oi.t/."r 

XVI.    The  same  superheated  cycle,  with  incomplete  expansion.     The  pressure  at  Tis 

(7  18\  i.-2y8 
-I—-  J        =  65.3  pounds.     The  work   along  zT  (approximately)  w 

144  /(140  X  7.18) -(05.3  x  13)\  ^  7.3^900  foot-pounds.     The  whole  tcwA-is 

63,961.5  +  [144  x  140  x  (7.18  -  3.210)]  +  73,900  -  3740  =  213,921.5  foot- 

pounds  =  275.3  B.  t.  w.,  and  the  efficiencu  is   "^         =  0.18S. 
^  -^  -^       1519.4 

XVII.  The  same  superheated  cycle  without  expansion.  The  total  work  is  63,961.5  + 
[144  X  140  x  (7.18  -"3.L>in)]-  [2  x  144  x  (7.18  -  0.017)]  =141,701.5  foot- 
pounds =  1S2.2  B.  t.  u.,  and  the  efficiency  is  0.1203. 

418.   Discussion  of  Results.     The  saturated  steam  cycles  rank  in 
order  of  efficiency  as  follows:  Carnot,  0.28;  Clausius,  with  dry  steam, 
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0.254 ;  with  wet  steam,  0.254  (a  greater  percentage  of  initial  wetness 
would  have  perceptibly  reduced  the  efficiency) ;  Pambour,  with  com- 
plete expansion,  0.238 ;  with  incomplete  expansion,  0.1585 ;  Rankine, 
withdry  steam,  0.1704;  with  wet  steam,  0.1667;  non-expansive,  with 
dry  steam  0.074;  with  wet  steam,  0.0722.  The  economical  impor- 
tance of  using  initially  dry  steam  and  as  much  expansion  as  possible 
is  evident.  The  Pambour  type  of  cycle  has  nothing  to  commend  it, 
the  average  temperature  at  which  heat  is  received  being  lowered. 
The  Rankine  cycle  is  necessarily  one  of  low  efficiency  at  low  expan- 
sion, the  non-expansive  cycle  showing  the  maximum  waste. 

Comparing    the    superheated    cycles,   we   have    the    following 
efficiencies : 


Ctcl» 

CoMPum  ExPAysioH 

Inoomplbts  Expansion 

No  Expansion 

debzw 
deh}ff 
dehzAf 

0.293 

0.31 

0.255 

0.183 
0.187 
0.182 

0.1086 

0.117 

0.1203 

The  approximations  used  in  solution*  will  not  invalidate  the 
conclusions  (a)  that  superheating  gives  highest  efficiency  when  it  is 
carried  to  such  an  extent  that  the  steam  is  about  dry  at  the  end  of 
complete  expansion;  (6)  that  incomplete  expansion  seriously  re- 
duces the  efficiency  ;  (js)  that  in  a  non-expansive  cycle  the  effi- 
ciency increases  indefinitely  with  the  amount  of  superheating.  As 
a  general  conclusion,  the  economical  development  of  the  steam  en- 
gine seems  to  be  most  easily  possible  by  the  use  of  a  superheated 
cycle  of  the  finally-dry-steam  type,  with  as  much  expansion  as  pos- 
sible. We  shall  discuss  in  Chapter  XIII  what  practical  modifica- 
tions, if  any,  must  be  applied  to  this  conclusion. 

The  limiting  volumes  of  the  various  cycles  are 

FL  for  IX       =  166.5. 


V,  for  the  Carnot,  I,  =  139.3. 

r,  for  II  =  128.2. 

F,=  F;forIII,IV,VIII,X,XIII,XVI  =  13.0. 

V^  for  V  =  3.219. 

Vt  for  VI  =  2.9. 

F^for  VII,  XII  =  173.5. 

*  See  footnote,  Problem  68,  page  296. 


V^  for  XI       =  5.96. 
r^  for  XIV    =6.81. 
r^  for  XV      =186.1. 
V,  for  XVII  =  7.18. 
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The  capacity  of  an  engine  of  given  dimensions  is  proportional  to 

i- , ,  which  quotient  has  the  following  values*: — 

maximum  volume 


Carnot,  temperature  range  x  entropy  range 

=  226.95(1.5747  -  0.1749)=  317.5:  quotient  = 


317.5 


=  2.29. 


I.  278.8-8-189.3  =  2.00. 

II.  259.44^128.2  =  2.015. 

III.  187.29-5-13  =  14.4. 

IV.  169.1  H- 13  =13.0. 
V.  81.05-*- 3.219  =  25.1. 

VI.  73.0^2.9=25.1. 

VII.  318^173.5  =  1.84. 

VIII.  188.2^13  =  14.5. 

IX.  406.8 -f- 166.5  =  2.445. 


139.3 

X.    253.5+13  =  19.45. 

XI.  150.6-1-5.96  =  25.3. 

XII.   458.5-^173.5  =  2.65. 

XIII.  275-8-13  =  21.1. 

XIV.  172.7-^6.81  =  25.4. 
XV.   386.2  +  186.1  =  2.075. 

XVI.    275.3 -f- 13  =  21.1. 
XVII.   182.2  +  7.18  =  25.5. 


Here  we  find  a  variation  much  greater  than  is  the  case  with  tl»e 
efficiencies ;  but  the  values  may  be  considered  in  three  groups,  tte 
first    including  the  five    non-expansive  cycles,  giving    maximi*® 
capacity  (and  minimum  efficiencj') ;    the  second  including  the  s'* 
cycles  with  incomplete  expansion,  in  which  the  capacity  varies  fr^w 
13  to  21.1  and  the  efficiency  from  0,1585  to  0.187;  andthethi^'^ 
including  six  cycles  of  maximum  efficiency  but  of  minimum  capaci  "^y' 
ranging  from  1.84  to  2.65.     In  this  group,  fortunately,  the  cycle      ** 
maximum  efficiency  (XII)  is  also  that  of  maximum  capacity. 

•  The  assumption  of  a  constant  limiting  volume  line  Tuq,  Fig.  183,  is  scan?^' 
fair  to  the  supeiiieaUMl  steam  cycles.     In   practice,  either  the  ratio  of  expansion  or  '^ 
amount  of  constant  volume  pressure-drop  at  the  end  of  expansion  is  assumed.     As  -^>"^ 
lii-st  increa.ses  and  the  second  decreases,  the  economy  increases  and  the  capacity  ligi  ^" 
dfcrejtses.     The  following;  table  sugi^ests  that  with  either  an  e(inal  pressure  drop  or     ^^ 
ecjual  expansion  ratio  the  efficiencies  of  the  superheated  cycles  would  compare  s^-^' 
more  favorably  with  that  of  the  liankine  :  — 

CVCLKS    WITH    IXCOMI'LETE    EXPANSION 


('Y<  IF, 

Kaiio  of  Expansion 

Prksshrk  Drop 

Uankine 

i;  -:-  V,,^  1.']-:- 3.210  =  4.04 

P^  -  P^  =  26.3 

Superheat  I 

1'/.  -  v,=  i;]-  r).0(>   ==2.185 

Pl-P,  =49.1 

Suiu'rlieat  II 

Y^  ^  Y^  :=  l.S  -^  (i.81    =  1.01 

Pjr-P,  =  68.3 

Superheat  111 

Yr-r-  1',=  18-  7.18    =  1.816 

Pt-P,  =  63.3 
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Practically,  high  efficiency  means  fuel  saving  and  high  capacity 
means  economy  in  the  first  cost  of  the  engine.  The  general  incom- 
patibility of  the  two  affords  a  fundamental  commercial  problem  in 
steam  engine  design,  it  being  the  function  of  the  engineer  to  estab- 
lish a  compromise. 

419.  The  Ideal  Steam  Engine.  No  engine  using  saturated  steam  can  develop 
an  efficiency  greater  than  that  of  the  Clausius  cycle,  the  attainable  temperature 
limits  in  present  practice  being  between  100^  and  400*^  F.,  or,  for  non-condensing 
engines,  between  212°  F.  and  400^^  F.  The  steam  engine  is  inherently  a  wasteful 
machine ;  the  wastes  of  practice,  not  thus  far  considered  in  dealing  with  the  ideal 
cycle,  are  treated  with  in  the  succeeding  chapter. 

The  Steam  Tables 

420.  Saturated  Steam.  The  table  on  pages  247,  248  is  abridged  from  Marks' 
and  Davis*  Tables  and  Diagrams  (18).  In  computing  these,  the  absolute  zero 
was  taken  at  —  459.64°  F. ;  the  values  of  h  and  n„  were  obtained  from  the  experi- 
ments of  Barnes  and  Dietrici  (68)  on  the  specific  heat  of  water;  the  mechanical 
equivalent  of  heat  was  taken  at  777.52 ;  the  pressure-temperature  relation  as  found 
by  Holborn  and  Henning  (Art.  360) ;  the  thermal  unit  is  the  "mean  B.  t.  u."  (see 
footnote,  Art.  23)  ;  the  value  of  //  is  as  in  Art.  388 ;  and  the  specific  volumes 
were  computed  as  in  Art.  368.     The  symbols  have  the  following  significance :  — 

P  =  pressure  in  pounds  per  square  inch,  absolute ; 
T=  temperature  Fahrenheit; 
V  =  volume  of  one  pound,  cubic  feet ; 
h  =  heat  in  the  liquid  above  32^  F.,  B.  t.  u. ; 
H=  total  heat  above  32'  F.,  B.  t.  u. ; 
L  =  heat  of  vaporization  =  II  —  h,  B.  t.  u. ; 

r  =  disgregation  work  of  vaporization  =  L  —  e  (Art.  359),  B.  t.  u.; 
fi,,  =  entropy  of  the  liquid  at  the  boiling  point,  above  32°  F. ; 

n«  =  entropy  of  vaporization  =  -^/, 

fi,  =  total  entropy  of  the  dry  vapor  =  w^*  4-  iu, 

421.  Superheated  Steam.  The  computations  of  Art.  417  may  suggest  the 
amount  of  labor  involved  in  solving  problems  involving  superheated  steam.  This 
is  largely  due  to  the  fact  that  the  si>ecific  heat  of  superheated  steam  is  variable. 
Figure  177,  representing  Thomas'  experiments,  may  be  employed  for  calculations 
which  do  not  include  volumes;  and  volumes  may  l>e  in  some  cases  dealt  with  by 
the  Linde  formula  (Art.  363).  The  most  convenient  procedure  is  to  use  a  table, 
such  as  that  of  Heck  (71),  or  of  Marks  and  Davis,  in  the  work  already  referred  to. 
On  the  following  page  is  an  extract  from  the  latter  tjible.  The  values  of  k  used 
are  the  result  of  a  harmonization  of  the  determinations  of  Knoblauch  and  Jakob 
(Art.  384)  and  Holborn  and  Ilenniuj;  ((iO)  and  other  data  (70).  They  differ 
somewhat  from  those  given  in  Fig.  170.    The  total  heat  values  are  obtained  by 
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adding  the  values  of  it(7'— /)  over  successive  short  intervals  of  temperature  to 
the  total  heat  at  saturation  ;  the  entropy  is  computed  in  a  corresponding  manner. 
The  specific  volumes  are  from  the  Linde  formula. 
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t  =  tt'inperature  Falireiilieit ;   V  =  specific  volume;  // =  tot^l  heat  above  32® F.; 
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(Condensed  from  Sfnim  Ttthles  awl  Duigrama^  by  Murks  and  Davis,  with  the  per 
mission  of  the  publishers,  Messrs.  Longmans,  Green,  &  Co.) 
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PROPERTIES  OF   DRY   SATKKATED  STEAM 
(Condensed  from  Sceam  Tablra  and  Diagrana,  by  Marks  und  Dsvis,  with  the  permis- 
sion of  Uie  pQbli§liots.  Mt'sara,  JjmgmaiiB,  Green,  &  Co.) 
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^M                 PROPERTIES  OF  DRY  SATI'RATED  STKAM  —  Costisced                 | 
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SYNOPSIS  OF   CHAPTER   XII 

The  temperature  remains  constant  during  evaporation  ;  that  of  the  liquid  is  the  .same 
as  that  of  the  vapor;  increase  of  pressure  raises  the  boiling  point,  and  vice  r^rsa; 
it  also  increases  the  density.     There  is  a  definite  boiling  point  for  each  pntisure. 

Saturated  vapor  is  vapor  at  minimum  temperature  and  maximum  density  for  the  given 
pressure. 

Superheated  vapor  is  an  imperfect  gas,  produced  by  adding  heat  to  a  dry  saAAT^Xi^^^v^x* 
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Tbe  principal  effects  nf  heat  are,  k 


SatTirated  Steam 

778       * 


r  =  L-e,If  =  h  +  L  =  h  +  r-i'e. 
p  increasea,  (,  A,  «  and  H  iiii:rease,  and  r  and  L  decrease. 

-ff=  ffsw  +  0.3745(1  -  212)  -  O.OOOeSy  -  213)^ 
L  +  (h-  tu). 


970.4 

rapidly  than  the  temperataie. 

team,  pp  =  a  T~pil  +  bp)  (-^  -  d^. 


Factor  of  evaporatiou 
Tbe  pressure  increanei 
Gharaeteriatit  equatioi 
Saturated  ateam  may  be  drg  or  wet.     For  w< 

h  =  ha,  L  —  xLo,  U  =  tLo  +  flu,  r  =  *ni, 
Budllie/a«oro/eroporueronl9  ^k*-^^.     Tbe  volttme  is  B'=P'+x(Wb-F). 

The  aater  line  shows  the  volume  of  water  at  varinuH  temperatures ;  the  taturation  ctirw 
shows  llie  relation  between  voluuie  and  i«mperature  of  saturated  Bl«aBi,  Approxi- 
mately, pe'"  —  i^onstaiit.     The  iaotlitrmitl  ia  a  Unt  of  < 

The  palK  duving  evaporation  is  (a)  along  the  water  line  (6) 

curve  at  conatant  pretttum  and  temperatUTe.    If  auperbeailng  occurs,  tbe  path  pro- 
ceeds at  constant  pressiu'e  and  increaoing  temperature  to  the  right  of  the  satum- 

l)n  the  entropy  diagTn 
between  the  wat< 


1,  the  equation  of  tbe  water  line  is  n  =  elog,— .    The  distance 

r  line  and  the  saturation  ourve  la  .V=:~.     Constant  drgnen 

curves  divide  this  distance  in  equal  proportions.  Lines  of  constant  total  heat  maj 
be  dmwii.  Tlie  specifiu  heat  of  steam  kept  dry  Is  negative.  The  dryness  changes 
durhig  a<)labAtic  eKpansion.  Tbe  lemptrature  of  IncmtoH  is  that  tempcnture  at 
which  the  specific  heat  of  dry  Bteam  is  zero.  The  change  of  Internal  energy  ^^l 
the  etteranl  work  along  an;  putb  of  saturated  steam  may  be  represented  on  tbe 
entropy  diagram, 

,  778Ldr 


w=  r,+- 


dP 


Conxtaat  «oIutii«  linen  may  be  plotted  on  the  entropy  diagram,  permitting  of  the  (rafu- 
fer  of  any  point  or  pu/ ft  from  thePCto  the  r.V  plane.  The  leraperalure  alter 
expansion  at  contant  entropy  to  a  limiting  volume  can  best  lie  obtained  from  the 
entropy  diagram. 

The  critical  temperature  is  that  temperature  at  which  tlie  latent  heat  becomei  lero 
(6saf  p.). 

Saturated  vapor  (dry  or  wet),  saperheated  vapor,  gas ;  phyaical  atatea  in  relatiou  to  tbe 

critical  temperature  ;  shape  of  Isothermals. 
The  indynamU  path  for  saturated  steam  touches  the  saturaiion  curve  at  one  point 

only. 
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Sublimation  occurs  if  the  saturation  pressure  at  the  melting  temperature  exceeds 
that  of  the  surrounding  medium. 

Gas  and  Vapor  Mixtures 

Value  of  R  for  gas  mixtures :  mixture  of  air  and  steam ;  absolute  and  relative 
humidities ;  wet  and  dry  bulb  thermometers ;  in  mixtures,  mixing  does  not 
affect  the  internal  energy  and  adiabatic  expansion  is  without  influence  on  the 
aggregate  entropy. 

Mixture  and  expansion  of  (a)  wet  vapor  and  gas,  (6)  high-pressure  steam  and  air, 
(c)  superheated  steam  and  air,  (d)  two  vapors.  Equivalent  values  of  n.  In  the 
heat  engine,  mixtures  may  lower  the  temperature  of  heat  rejection. 


Superheated  Steam 

The  apec^fic  heat  has  been  in  doubt.    Its  value  increases  with  the  preasuie,  and  varies 
with  the  temperature. 


Kp^  I  —  t 

Factor  of  evaporation  =  ^""  "*"  \il7  ^^  ""  ^^  •     ^^=  0.64901  T-  22.6819  po-». 

970.4 

PV=z  0.694  T  -  0.00178  P.        ^  =  i  86.8.        y=±  1.298. 

Paths  of  Vapors 

vl  T*       ITT 

Adiabatic  equation :  —  =  c  log,  —  +  -— -•  Approximately,  PF*= constant.  Values  of  n. 

External  work  along  an  adiabatic  =  h—  H -{■  xr—  XR. 
Continuously  superheated  adiabatic,  e.g., 

log.— ^  +  -  +  *!  loge  -  =  log.  -?i-  -^L^lc^\og^2. 

^491.6      t  ^t         ^  491.6      11  **M 

Adiabatic  crossing  the  saturation  curve : 

lO&TTT-.  +  -  +*1  l0g.^=  log.— ?^  +  ^. 

^491.6      «  °   t  '^  491.6       tt 

Method  of  drawing  constant  pressure  lines  on  the  entropy  diagram  :  n  =  k^log^  — • 

Method  of  drawing  lines  of  constant  total  heat. 

Use  of  the  entropy  diagram  for  graphically  solving  problems :  dryness  after  expansion  ; 
work  done  during  expansion ;  mixing  ;  heat  contents. 

The  Mollier  coordinates,  total  heat  and  entropy.    The  total  heat-pressure  diagrams. 

Vapors  in  General 

^  +  c-.ifc=JL'l?.  ^  +  c-^•  =  ^.  r-r  =  778^^ 

dT  nSdT  dT  T  TdP 

When  the  pressure-temperature  relation  and  the  characteristic  equation  are  given,  we 
may  compute  L  for  various  temperatures,  and  the  specific  heat  of  the  vapor. 

Vapors  in  engineering,  ^mmoma;  log p  =  8.4079-?i5?,  ^=91 — ^^^^,  ifc=0.508, 
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vapor  deiuilty  =  0.597  (>itr  =  I),  speclflc  Tolunie  of  liqiud  =  D,0S5,  its  iipeclfic  heat 
=  1.02.  Sulphur  dioxidv:  jl^O.15438,  rapur  density  =2.23,  sjwciGc  volume  of 
liquid  =  Q. 0007,  lis  epecifii'  lieat^O.4.  PF -26.4r-lS4P'>-2».  Pressure-tem- 
perature relation,  L  =  I7fl— Cl27((— 32),  Engine  capacity  and  ecoiiomy  i« 
Influenced  by  the  vapor  employed. 

Steam  Cycles 
Efficiency —work  done-^eroBS  heat  abitorbetl. 
The  Camot  cycle  Is  impracticable  ;  the  steam  powerplont  operates  in  the  Clauaius  c-ydv. 


Efficiency  of  Ctauaius  q/(Je  = 


^-'i'*'^)- 


Bankine  f.gdf   (inootnplcte    expansion)  —  determination    of    efficiency,    with    sleam 
initially  wet  or  dry. 

mn-expan»ive  estU :  efficiency  =  (Pt-fX^"' -  "■'"'?)■ 
h,  —  hd  +  xLt 

14S3  log.  ^-0,095(  T—t) 

Fambuur  ryrln  ;  eteanidry  during  expansion  ;  efficiency  = tt. j 

i./+H331os,^-0.(H«S(r-I) 
computation  of  beat  supplied  by  jacket. 
Superheated  eyele :  efficiency  is  increased  if  the  firml  dryneaa  is  properly  adjustrd  oiiil 

the  ratio  of  expannlon  U  not  too  low. 

Nuiaerical  compan'son  of  aevenleen  cycles  for  efficiency  and  capacity  :  ateaiii  should 

be  initlaUg  dry.     The  ratio  of  expansion  should  be  large  for  tfflcitncy  aiiil  nnnit 

for  eapacilf. 

The  Steam  Tablet 
Computation  is  from  p  (or  I)  to  C  (or  p),  H,  h,  /,,  ^,  F.  e,  r,  h„  n,,  n,. 
The  superheated  tables  give  n.  F,  U,  I,  for  various  snperbeals  at  various  presaurea 


values  depending  on  if_i. 


PROBLEMS 


Note,     Problems  not  marked   T  are  to  be  solved  vritfaout  the  ase  o(  tike  *' 
table.     In  all  caHea  where  posalbit-,  computed  reault»  uliuuld  be  checked  step  by  at«p 
with  those  read  from  the  three  charts,  Figs.  175,  177,  1B&. 

TV  The  weight  per  cubic  foot  of  water  aI-32"F.  being  62.42,  and  at  SSO.S*  F., 
68,64,  compute  in  heat  units  the  external  work  done  in  heating  one  pound  of  natpr  nl 
presaure  from  32"  to  iW.H".  (The  piessore  is  that  of  saturated  steam  at  a  t«[np(iratur«> 
of  ZS0.3°.)     {Ana.,  0.0055  B.  I.  u.) 

T  In.  10  lb.  of  water  at  212°  are  mixed  with  20  lb.  at  170.06".  Wliat  U  the 
total  htat  per  poiuid,  above  .12°  F.,  of  the  rcsultins  uiixtuw^? 

2.  Forp  =  100,  (-.137.8*.  IF  =  4.429,  compute  ft  (approximately),  II,  £,  e.  r.  in 
tlie  order  given.     Why  do  not  the  results  agree  with  those  In  the  table? 

(.diu.,  A-305.8,  ff=IlS6.3,  L  =  S90.5,  e-Sl.7,  r-tNK.R.) 
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7  2a.  Water  at  90^  F.  is  fed  to  a  boiler  in  which  the  pressure  is  106  lb.  per  sq. 
in.  absolute.     How  much  heat  must  be  supplied  to  evaporate  one  pound  ? 

T  3.  Find  the  factor  of  evaporation  for  dry  steam  at  95  lb.  pressure,  the  feed- 
water  temperature  being  153®  F.     {Ans,,  1.097.) 

2732     396945 
T  4.  Given  the  formula,  log  p=c — =-> =^— ,  T  being  the  absolute  tempera- 
ture and  p  the  pressure  per  square  foot,  find  the  value  of  -z^  for  p  =  100  lb.  per  square 
inch,  t  =  327.8®  F.    Check  roughly  by  observing  nearest  differences  in  the  steam  table. 

*  T  5.  What  increase  in  steam  pressure  accompanies  an  increase  in  temperature 
from  353.1®  F.  to  393.8®  F?  Compare  the  percentages  of  increase  of  absolute  pressure 
and  absolute  temperature. 

T  6.  Find  the  values  of  the  constants  in  the  Rankine  and  Zeimer  equations  (Art. 
303),  at  100  lb.  pressure. 

7  7.  From  Art.  363,  find  the  volume  of  diy  steam  at  240.1®  F.  in  four  ways. 
Compare  with  the  value  given  in  the  steam  table  and  explain  the  disagreement. 

8.  At  100  lb.  pressure,  the  latent  heat  per  pound  is  888.0 ;  per  cubic  foot,  it  is 
200.3.     Find  the  specific  volume.     (Ana.,  4.433.) 

9.  For  the  conditions  given  in  Problem  2,  W  being  the  volume  of  dry  steam,  find 
the  five  required  thermal  properties  of  steam  95  per  cent  dry.     Find  its  volume. 

T  9a.  How  much  heat  is  consumed  in  evaporating  20  lb.  of  water  at  90®  F.  into 
steam  96  per  cent  dry  at  100  lb.  absolute  pressure  per  sq.  in.? 

T  96.  What  is  the  volume  occupied  by  the  mixture  produced  in  Problem  9a  ? 

T  9c,  Five  pounds  of  a  mixture  of  steam  and  water  at  200  lb.  pressure  have  a 
volume  of  3  cu.  ft.  How  much  heat  must  be  added  to  increase  the  volume  to  6  cu.  ft. 
at  the  same  pressure  ? 

T9d,  A  boiler  contains  2000  lb.  of  water  and  130  lb.  of  dry  steam,  at  100  lb. 
presssnre.     What  is  the  temperature  ?     What  are  the  cubic  contents  of  the  boiler  ? 

T9e,  Water  amounting  to  100  lb.  per  min.  is  to  be  heated  from  55®  to  200®  by 
passing  through  a  coil  surrounded  by  steam  90  per  cent  dry,  kept  at  100  lb.  pressure. 
What  is  the  minimnm  weight  of  steam  required  per  hour  ? 

T9f,  Water  amounting  to  100  lb.  per  min.  is  to  be  heated  kt)m  55®  to  200®  by 
blowing  into  it  a  jet  of  steam  at  100  lb.  pressure,  90  per  cent  dry.  What  is  the 
minimum  wei^t  of  steam  required  per  hour  ? 

no.  State  the  condition  of  steam  (wet,  dry,  or  superheated)  when  (a)  p=100, 
(»327.8;  (6)p«95,  0^4.0;  (c)  p^SO,  t^^SGO, 

11.  Determine  the  path  on  the  entropy  diagram  for  heating  from  200®  to  240®  F. 
a  fluid  the  specific  heat  of  which  is  l.OO-f-o^,  in  which  t  is  the  Fahrenheit  temperature 
and  as  0.0044. 

T 12.  Find  the  increases  in  entropy  during  evaporation  to  dry  steam  at  the  fol- 
lowing temperatures :  228®,  261®,  386®  F. 

T 13.  Compute  from  Art.  368  the  specific  volume  of  dry  steam  at  327.8®  F.  What 
is  its  volume  if  4  per  cent  wet  ?     (See  Problem  4.) 

TlSa,  Steam  at  100  lbs.  pressure  2  per  cent  wet,  is  blown  into  a  tank  having  a 
capacity  of  175  cu.  ft.  The  weight  of  steam  condensed  in  the  tank,  after  the  flow  is 
discontinued,  is  60  lb.     What  weight  of  steam  was  condensed  during  admission  ? 
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T 14.  Find  the  entropy,  mpiiKured  from  33°  F.,  of  steam  at  327.8°  F.,  flS  per  o 
dry,  (n)  b;  direct  computation,  {b)  from  tlie  steam  talilti.     Explain  nny  dlscrepancj. 

T  15.  Diy  steam  nt  IQO  lb.  pressure  \»  rompresned  wittioiit  change   of   internal 
energy  until  its  ptesmtre  is  20n  11).     Find  its  diyness  after  eompression. 

T 16.  Find  the  ili^neag  ut  steam  at  300°  F.  if  the  total  heat  fs  800  B.  t.  n. 

;.  One  pound  of  ntuum  at  200  lli.  pressure  occupies  1  etu  ft.    What  per  cent 


of 


ipre 


u  the  » 


T17.  Find  the  ODtropy  of  al 
T 18.  One  pound  of  Bteam  i 

iidiabatirallj  to  I  lb.  preBsure. 

slon.  What  weight  of  Eteam  \ 
18  a.  Three  poimds  ot 


jam  at  1 30  lb.  preiwure  when  the  total  heat  is  MO  B.  I 
t  327.8°  F.,  liaviiig  a  total  boat  of  800  B.  t.  u.,  expMidd 
Find  its  dryiiBSfl,  entropy,  and  towJ  heat  after  expuk- 
as  condensed  during  e^ 
1 760°  absolute  expand  adiabatically  to  660'  absolute. 


What  weight  of  tleam  is  present  at  tlie  end  of  exi>un«i(in?     (Use  Fig.  175.) 

19.  Transfer  a  wet  ateam  adinhiktic  from  the  rJV  to  the  PV  plane,  b;  the  graphi- 
cal method. 

20.  Tntniifer  a  conitant  drynefiH  line  In  the  same  n 

21.  Sketch  on  the  TWauil  PI'  planes  the  saturation  curve  and  the  water  line  In 
the  region  of  the  criUcal  temperature. 

T22.  At  what  stage  of  dryness,  at  300°  F.,  is  the  internal  energy  of  st«am  eqiuf 
to  that  of  dry  steam  at ! 

723.  At  what  specific  volume,  at  300°  F.,  Is  the  internal  energy  of  Bt«AD)  ftqnsl 
to  that  of  dry  steam  at  228"  Fi* 

T  23  a.  A  boiler  contains  4000  ib,  of  WBt«i-  and  400  lb.  of  steam,  nt  200  lb.  absoluts 
pressure.  If  the  boiler  should  explode,  its  contents  cooling  to  60°  F.  and  oompletel; 
liquefying,  in  1  sec.,  how  murh  energy  would  be  liberated  ?  What  boree  power. 
would  be  developed  during  the  second  following  the  explosion? 

724.  Compute  from  the  Thomas  experiments  the  total  heat  in  ateam  si  100  IK 
pressure  and  440°  F. 

725.  Find  the  factor  of  evapoi^tion  for  steam  at  1001b,  pressure  anil  SOO"  F.fl 
feed  water  at  153°  F. 

720.  In  Problem  18,  find  tlie  volume  after  expan^oit,  aad  compare  witli  <lie  vcA- 
ume  that  would  have  been  obtained  by  Ilia  in*  of  Zeuner's  exponent  (Art.  3D4), 
Which  result  is  Ui  be  preferi'ed? 

T  27.  Uidng  thti  Knoblauch  and  Jakob  values  for  the  specific  heat,  and  determin- 
ing the  initial  properties  in  at  least  five  steps,  compute  the  mitlal  entrctpy  and  (oiaI' 
heat  and  the  condition  ot  steam  after  adiabalic  expansion  from  P=  lOO,  7=  TOO"  K.- 
to  ji  =  13.  Find  its  volume  from  tlie  formula  in  Art,  300.  Compare  with  the  vi 
given  by  Ihe  equation  PVin»  =  pni-30a.  (Assume  that  the  superheated  table  iihuini 
the  iiteani  to  lie  su^ierhented  obuul  55°  F.  at  the  end  of  expansion.) 

7  27  a.  Steam  at  100  \K  pressure,  95  per  cent  dry,  passes  through  a  superhratei 
In  which  its  temperature  incruases  to  400°  F.     Find  the  heat  added  por  11 
increase  of  volume. 

728.  Compute  the  dryness  of  steam  after  adiabntic  eipandon  from  F—ltO, 
7=763.1°  F.,  t.o(-^153°F.     Find  the  change  in  volume  during  e: 

729.  Find  the  estenial  work  done  in  Problems  27  and  28,  along  the  expwutn 
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729  a.  Three  pounds  of  steam,  initially  dry,  expand  adiabatically  from  100  lbs.  to 
1  lb.  pressure.    Find  the  initial  and  linal  volumes  and  the  external  work  done. 

T  30.  At  what  temperature  is  the  total  heat  in  steam  at  100  lb.  pressure  1200  B.  t.  u.  ? 

81.   Find  the  efficiency  of  the  Carnot  cycle  between  341.3°  F.  and  101.83°  F. 

7  82.  Find  the  efficiency  of  the  Clausius  cycle,  using  initially  dry  steam  between 
the  same  temperature  limits. 

T  88.   In  Problem  32,  find  the  efficiency  if  the  steam  is  initially  60  per  cent  dry. 

T  84.  In  Problem  32,  find  the  efficiency  if  expansion  terminates  when  the  volume 
is  12  cu.  ft.  (Hankine  cycle). 

T85.  In  Problem  32,  find  the  efficiency  if  there  is  no  expansion. 

T  86.  Find  the  efficiency  of  the  Pambour  cycle  between  the  temperature  limits 
given  in  Problem  31.    How  much  heat  is  supplied  by  the  jacket  ? 

787.  Find  the  efficiency  of  this  Pambour  cycle  if  expansion  terminates  when  the 
volume  is  12  cu.  ft. 

788.  Steam  initially  at  140  lb.  pressure  and  443!l°  F.  is  worked  (a)  in  the  Clau- 
sius cycle,  (6)  in  the  Rankine  cycle,  with  the  same  ratio  of  expansion  as  in  Problem 
37.  Find  the  efficiency  in  each  case,  the  lower  temperature  being  101 .83°  F.  Find  the 
efficiency  of  the  Rankine  cycle  in  which  the  maximum  volume  is  5  cu.  ft.  (See  foot- 
note, Case  VIII,  Art.  417.) 

7  80.  At  what  per  cent  of  dryness  is  the  volume  of  steam  at  100  lb.  pressure 
3  cu.  ft.  ? 

740.  Steam  at  100  lb.  pressure  is  superheated  so  that  adiabatic  expansion  to 
261°  F.  will  make  it  just  dry.  Find  its  condition  if  adiabatic  expansion  is  then  carried 
on  to  213°  F.     Find  the  external  work  done  during  the  whole  expansion. 

741.  Steam  passes  adiabatically  through  an  orifice,  the  pressure  falling  from  140 
to  100  lb.  When  the  inlet  temperature  of  the  steam  is  500°  F.,  its  outlet  temperature 
l8  494°  F. ;  and  when  the  inlet  temperature  is  000"^  F.,  the  outlet  temperature  is  696°  F. 
The  mean  value  of  the  specific  heat  at  140  lb.  pressure  between  600^  F.  and  600°  F.  is 
0.498.  Find  the  mean  value  at  100  lb.  pressure  between  69o°  F.  and  494°  F.  How 
does  this  value  agree  with  that  found  by  Knoblauch  and  Jacob  ? 

742.  Find  from  Problem  41  and  Fig.  171  the  total  heat  in  saturated  steam  at  140 
lb.  pressure,  in  two  ways,  that  at  100  lb.  pressure  being  1180.3. 

748.  Plot  on  a  total  heat-pressure  diagram  the  saturation  curve,  the  constant 
dryness  curve  for  x  =  0.86,  the  constant  temperature  curve  for  7  =  600°  F.,  and  a 
ooDstant  volume  curve  for  K=  13,  passing  through  both  the  wet  and  the  superheated 
regions.  Use  a  vertical  pressure  scale  of  1  in.  =  20  lb.,  and  a  horizontal  heat  scale  of 
1  in.  =  20  B.  t.  u. 

44.  Compute  the  temperature  of  inversion  of  ammonia,  given  the  equation, 
L  =  666.6  -  0.613  7°  P.,  the  specific  heat  of  tho  liquid  being  1.0.  What  is  the  result 
if  X  =  666.6  -  0.613  7-  0.000219  7-  (Art.  401)? 

45.  Compute  the  pressure  of  the  saturated  vapor  of  sulphur  dioxide  at  60°  F.  (Art. 
404).    (Compare  Table,  page  424.) 

748.   Compare  the  capacities  of  the  cycles  in  Problems  31-37,  as  in  Art.  418. 

47.  Sketch  the  water  line,  the  saturation  curve,  an  adiabatic  for  saturated  steam, 
and  a  constant  dryness  line  on  the  PT  plane. 
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I         TW.  A  lo-gftl.  Teasel  contaitm  o.i  lb.  of  wEter  and  Q.7  lb.  o(  dry  uteam.     WT 
F  is  the  preMiuTe  ? 

I         T  4Q.  A  cylinder  containB  0.2G  lb.  of  wet  Bteam  at  58  lb.  pressure,  the  volwne 
I   the  cyliuder  being  1.3  cu.  ft.     What  is  the  equality  o£  the  Ete&m  ? 

T  SO.   What  Is  the  int«rnal  energy  of  the  aubstance  in  the  cylinder  in  Problem  49 
I  Til.    Steam  at  140  lb.  pressure,  superheated  400°  ¥.,  expands  adiabn 

I  ItH  preBBure  is  6  lb.     Find  ila  final  quality  and  the  ratio  of  expansion. 
[  T69.  The  aame  eWam  expauda  adiabatically  until  iu  dryneaa  is  0  tl8.    Find  it 

I  pressure. 

r  SS.  ■   The  name  steam  expanda  ndiaballoftlly  until  its  speoiSc  Toluine  ta  60.    Findff 
its  pressure  and  quality. 
[  I'M.    Steam  at  300  lb.  presmire,  04  per  cent  dry,  is  tlinittled  an  in  Art.  387.    Al   • 

nhat  prusaure  must  the  throttle  valve  be  set  to  discharge  dry  saturated  steam  ? 

TftB.    Sleam  is  throttled  from  300  lb.  pressure  to  15  lb.  pressure,  ita  temperature 
I    becoming  2.35.5°  F.     What  was  its  iultial  quality  ?     (Use  Fig.  IT5.] 

BB.    Represent  on  the  entropy  diagram  the  factor  of  evapoiation  of  Buperhealrd 

67.  Check  by  accurate  computaliona  all  the  values  given  in  the  saturated  eteani 
table  tor  t  =  ISO"  F.,  using  —  45('.li4°  F,  for  the  absolute  zero,  14.0W  lb.  per  square 
inch  for  the  BLaiidard  attiiospliere,  TTT.52  for  tbe  mechanical  equivalent  of  heat,  ami 
0,017  as  the  speciGc  volume  of  water.     Use  Thlesen's  forinula  for  tbe  pressure  : 

((  +  469.6)log  -^  =  6.40il((-212}-8.71  x  10-'^[(egll~  ()*- 477']: 

'   t  being  the  Fahrenheit  temperature  and  p  the  pressure  in  pounds  per  square  inch.    Use 

the  Knoblauch,  Linde  and  Klebe  formula  for  the  volume  and  the  Davis  formula  for 

[    the  total  heat.     Compute  the  entropy  and  beat  of  the  liquid  in  eight  steps,  using  the 

following  values  tor  the  specific  heat  of  the  liquid : 

I  at  40°,    1,004r) ;  at  120°,  0.9974 ; 

at  80°,    O.Omil;  at  140",  0.00B7  ; 

at  80°,    0,097  ;  at  I00^  1.0003 ; 

at  100",  0.ln<ll76  ;  at  180°,  l.OOS*. 

Explain  the  reasons  for  any  discrepancies. 

■  This  is  typical  of  a  class  of  problems  the  solution  of  which  is  ditBcolt  or  impoM- 
sible  without  plotting  the  propertied  on  charts  like  those  of  Pigs.  175,  ITT,  185.  I'rob. 
lem  53  ma;  be  solved  by  a  careful  inspection  of  the  total  heat-pressure  and  Unllicr 
diagrams,  with  reasonable  accurat'y.  The  approximate  analytical  solulJon  will  l)e 
found  an  interenting  exercise.  We  liiive  no  direct  formula  for  reUtion  between  1" 
and  T,  although  one  may  be  derived  by  combining  the  equations  of  Rnnkine  or 
Zeuner  (Art.  303)  with  that  in  Problem  4.  The  following  expression  is  reosoimhly 
Bcvunite  between  200°  and  400°  P.,  where  c  is  In  cu.  ft.  per  lb,  and  I  is  the  Fabi«nhelt 
lumpentuns : 

(0.OO5£+0.5O5)'eli=477. 

For  tempemtures  between  200°  and  260°  P.,  an  approximate  equation  la 

I  (vl-477. 


it^»— ^^ 
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TSS,  Check  the  properties  given  in  the  superheated  steam  table  for  P:=:25  with 
of  superheat,  UKing  Knoblauch  values  for  the  specific  heat,  in  at  least  three  steps, 
s^iad  using  the  Knoblauch,  Lindc  and  Klebe  formula  for  the  volume.  Explain  any 
<ll8crepanc  ies. 

59.  Represent   on  the  entropy  diagram    the  temperature  of  inversion  of  a  dry 
'v^n.por. 

60.  Sketch  the  MoUier  Diagram  (Art.  399)  from  JETsO  to  JErs400,  n^O  to  n»0.5. 
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CHAPTER  Xm 

THE  STEAM  ENGINE 
Practical  Modifications  of  the  Rankinb  Cycle 

422.  The  Steam  Engine.  Figure  186  shows  tlie  working  parta. 
Tlie  piston  P  moves  in  the  cylinder  A,  communicating  its  motion 
through  the  piston  rod  R.  crosshead  C,  und  connecting  rod  ^to  the 
disk  crank  D  on  the  shaft  -S',  iuid  llius  to  the  belt  wheel  W.  The 
guides  on  which  the  crosshead  moves  are  indicated  by  G,  Jf,  the 
frame  which  supports  the  working  parts  hy  J".  Journal  bearingi 
Ht  B  and  0  support  the  shaft  The  function  of  the  meclianism  is  to 
transform  the  to-and-fro  rectilinear  motion  of  the  piston  to  a  rotatory 
movement  at  the  crank.  Without  entering  into  details  at  this  point, 
it  may  be  noted  that  the  valve  V,  which  alternately  admits  of  the 
passage  of  steam  through  either  of  the  ports  X,  Y,  is  actuated  by  a 
valve  rod  /traveling  from  a  rocker  J,  which  derives  its  motion  from 
the  eccentric  rod  N  und  the  eccentric  E.'  In  tlie  end  view,  L  is  tha 
opening  for  the  admission  of  steam  to  the  steam  chest  K,  Q  is  a  sim- 
ilar opening  for  the  exit  of  the  steam  (shown  also  in  the  ])lan),  and 
P"iB  the  valve. 

423.  The  Cycle.  With  the  piston  in  the  position  shown,  and 
moving  to  the  left,  steam  is  passing  from  the  steam  chest  through  T^ 
into  the  cylinder,  while  another  mass  of  steam,  which  has  expended' 
its  energy,  is  passing  from  the  other  side  of  the  piston  through  tha 
port  Xand  the  opening  Q  to  the  atmosphere  or  the  condenser. 
When  the  piston  sliall  have  reached  its  extreme  left-hand  position, 
the  valve  will  have  moved  to  the  right,  the  port  y  will  have  been 
cut  off  from  communication  with  K,  and  the  steam  on  the  right 
the  piston  will  be  passing  through  Yto  Q.  At  the  same  time  tha 
port  Xwill  be  cut  off  from  Q  and  placed  in  communication  with  JC 
The  piston  then  makes  a  stroke  to  the  right,  while  the  valva  movei 
to  the  left.     The  engine  shown  is  thus  dovile-^uitii^. 
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If  the  valve  moved  install taneoiisly  from  one  position  to  tlie  other 
precisely  at  the  end  of  the  stroke,  the  I'V  diagram  representing 
the  changes  in  the  fluid  on  either  side  of  the  piatoii  would  resemble 
ehtd.  Fig.  184.  Along  eb,  the  steam  would  be  passing  fi-om  the 
steam  chest  to  tlie  cylinder,  the  pressure  being  practically  constant 
because  of  the  comparatively  enormous  storage  apace  in  the  boiler, 
while  the  piston  moved  outward,  doing  work.  At  6,  the  supply  of 
steam  would  cease,  while  communication  would  be  immedinttly 
opened  with  the  atmosphere  or  the  condenser,  causing  the  fall  of 
pressure  along  bt.  The  piston  would  then  make  its  return  stroke, 
the  .steam  passing  out  of  the  cylinder  at  practically  constant  pressure 
along  td,  and  at  d  the  position  of  the  valve  woidd  again  be  changed, 
closing  the  exhaust  and  opening  the  supply  and  giving  the  instan- 
taneous rise  of  pressure  indicated  by  de. 

434.  Expansion.  This  has  been  shown  to  be  an  inefBcient  cycle 
(Art.  417 J,  and  it  would  be  impossible,  for  mechanical  reasons,  Xo 
more  than  approximate  it  in  practice.  The  inlet  port  ia  nearly 
always  closed  prior  to  (he  end  of  the  stroke,  producing  sucli  a  diagram 

as  debgq,  Fig.  184,  in 
which  the  supply  of 
steam  to  the  cylin- 
der is  lesa  than  the 
whole  vohime  of  the 
piston  displacement, 
and  the  work  area 
under  kg  is  obtained 
without  tho  supply  of 
hfat,    but  solely    in 

Fia.  l»7.      Arts.  424,  ■I2S,  427,  430,  431,  4m.  441.  445,  446,      consCOUCnce     of      the 

448,  449,  450.  431. 4fli.  454.— ludicalor  Diagram  and  '.        '        . 

HinTdae  Cycle.  expansive   acUon  of 

Ihfi  steam.  Appar- 
ently, then,  the  actual  sU-am  engine  cyele  is  that  of  Rankine*  (.\rt. 
411),  Butif  weapplyanuidifa/or{.\rt.  484)  tothecylinder,— aiiinstru- 

*  It  nei"l  searorly  tw  mid  tlmt  lUv  aawwiation  of  tlie  sti-aai  engine  indicotot  dl»- 
Briimunc]  its  varying  iiuiiiililjf  u[  sttom  wiUi  Ihe  ideal  Rankine  cycle  Is  open  U> 
ohiopiion  (Art.  4.>l).  Yet  (.here  ure  lulvantages  on  tlie  ground  of  siniplldtr  in  tUg 
luetliiid  of  approtu'lilit^  Uie  Bubjuci, 
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nient  for' graphically  recording  the  changes  of  pressure  and  volume 
during  the  stroke  of  the  piston,  —  we  obtain  some  such  diagram  as 
abodes^  Fig.  187,  which  may  be  instructively  compared  with  the  cor- 
responding Rankine  cycle,  ABODE.  The  remaining  study  of  the 
steam  engine  deals  principally  with  the  reasons  for  the  differences 
between  these  two  cycles. 

425.  Wiredrawing.  The  first  difference  to  be  considered  is  that  along  the 
lines  ahj  AB,  An  important  reason  for  the  difference  in  volumes  at  b  and  B  will 
be  discussed  (Art.  430)  ;  we  may  at  present  note  that  the  pressures  at  a  and  b  are 
less  than  those  at  A  and  B,  and  that  the  pressure  at  b  is  less  than  that  at  a.  This 
is  due  to  the  frictional  resistance  of  steam  pipes,  valves,  and  ports,  which  causes 
the  steam  to  enter  the  cylinder  at  a  pressure  somewhat  less  than  that  in  the  boiler ; 
and  produces  a  further  drop  of  pressure  while  the  steam  enters.  The  action  of 
the  steam  in  thus  expanding  with  considerable  velocity  through  constricted  pas- 
sages is  described  as  **  wiredrawing."  The  average  pressure  along  ab  will  not 
exceed  0.9  of  the  boiler  pressure;  it  may  be  much  less  than  this.  A  loss  of  work 
area  ensues.  The  greater  part  of  the  loss  of  pressure  occurs  in  the  ports  and  pas- 
sages of  the  cylinder  and  steam  chest.  The  friction  of  a  suitably  designed  steam 
pipe  is  small.  The  pressure-drop  due  to  wiredrawing  or  "  throttling,"  as  it  is 
sometimes  called,  is  greatly  aggravated  when  the  steam  is  initially  wet;  Clark 
foimd  that  it  might  be  even  tripled.  Wet  steam  may  be  produced  as  a  result  of 
priming  or  frothing  in  the  boiler,  or  of  condensation  in  the  steam  pipes.  Its  evil 
effect  in  this  as  in  other  respects  is  to  be  prevented  by  the  use  of  a  steam  separator 
near  the  engine;  this  automatically  separates  the  steam  and  entrained  moisture, 
and  the  water  is  then  trapped  away. 

426.  Thennodynamics  of  Throttling.  Wiredrawing  is  a  non-revers- 
ible process,  in  that  expansion  proceeds,  not  against  a  sensibly  equivalent 
external  pressure,  but  against  a  lower  and  comparatively  non-resistant 
pressure.  If  the  operation  be  conducted  with  sufficient  rapidity,  and 
if  the  resisting  pressure  be  negligible,  the  external  work  done  should  be 
zero,  and  the  im'tial  heat  contents  should  be  e(|ual  to  the  final  hoat 
contents;  i.e.,  the  steam  expands  adiabatically  (though  not  iscntropic- 
ally)  along  a  Une  of  constant  total  heat  like  7ur,  Fig.  161.  The  steam 
is  thus  dried  by  throtthng;  but  since  the  temperature  hus  been  reduced, 
the  heat  has  lost  availability.  Figure  18S  represents  the  case  in  which  the 
steam  remains  superheated  throughout  the  throttling  [)roce8s.  .4  is  the 
initial  state,  DA  and  EC  lines  of  constant  pressure,  AB  an  adiabatic, 
AF  a  line  of  constant  total  heat,  and  C  the  final  state.  The  areas 
SHJDAG  and  SHECK,  and,  consequently,  the  areas  JDABEH  and 
GBCK,  are  equal;  the  temperature  at  C  is  less  than  that  at  A,  (See 
the  superheated  steam  tables:  at  p  =  UO,  /f  =  1298.2  when  t  =553.P  F. ; 
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at  p  =  100,  //^  =  129S.2  when  (  is  about  548°    F.)     The  effect  of  wire- 
drawing  is   generally    to   lower   the    temperature,  while  leaving  the 

total  quantity  of  heat  unchanged. 


'la.  189,  Arts.  *26.  «5,  453, 
Converted  iDditalor  DiK- 
gram  and  Rooldne  Cycle. 


427.  Regulation  by  Throttling.     On    some  of  the  cheaper  typea  of    ateam 

engjnc,  (he  speed  is  controlled  by  varying  the  extent  of  openinjt  of  the  admis- 
sion ])ipc,  thus  producing  a  wiredrawing  effect  throughout  the  stroke-  I 
obvious  that  such  a  method  of  regulation  eanuot  be  other  than  wasteful;  a  better 
method  is,  as  in  good  practice,  to  vaiy  ttie  point  of  cut'oS,  b,  Fig.  187.  (Seo 
Art.  507,) 

428.  Eipaasion  Curve.  The  widest  divergence  between  the  theo- 
retical and  actual  diagrams  appears  along  the  expansion  lines  be,  BC, 
Fig.  187.  In  noitlicr  shape  nor  position  do  the  two  lines  coincide. 
Early  progress  in  the  development  of  the  steam  engine  resulted  in  iha 
separation  of  the  three  elements,  boiler,  cylinder,  and  condenser.  la 
spite  of  this  separation,  the  cylinder  remains,  to  a  certain  extent, 
condenser  aa  well  as  a  boiler,  alternately  condensing  and  evaporating 
large  proportions  of  the  steam  supplied,  and  producing  erratic  effects 
not  only  along  the  expansion  line,  but  at  other  portions  of  the  diagram 
as  well. 

429.  Impoitaace  of  Cylinder  Condensation.  The  theoretical  anatytU  <4  tht  i 
kine  cyde  (Art.  411)  gii'n  effidi-nciea  considerably  ffrealur  than  thme  actually  atlainad 
in  pracliie.  The  principal  reason  for  this  was  pointed  out  by  Clark'a  experiments 
loconiotives  in  ISoO  (1);  and  still  more  comitrehenaively  by  Isherwood,  in  luB 
classic  series  of  engine  trials  niade  on  a  vessel  of  the  United  States  Navy  (2).  The 
further  studies  of  Loring  and  Emery  and  of  Ledoux  (3),  and,  most  of  all.  thoea 
conducted  under  the  direction  of  Him  (4),  served  to  point  out  the  vital  importance 
of  the  question  of  heat  transfers  within  the  cylinder.  Recent  accurate  meaflur^ 
ments  of  the  fluctuations  in  tetnperatiu^  of  the  cylinder  walls  by  Hall,  Callendsr 
and  Nicholson  (5)  and  at  the  Massachusetts  Institute  of  Technology  (6)  have 
furnished  quantitative  data. 
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430.  Initial  Condensation.  When  hot  steam  enters  the  cylinder  at 
or  near  the  beginning  of  the  stroke,  it  meets  the  relatively  cold  surface 
of  the  piston  and  cylinder  head,  and  partial  liquefaction  immediately 
occurs.  By  the  time  the  point  of  cut-off  is  reached  the  steam  may 
contain  from  25  to  70  per  cent  of  water.  The  actual  weight  of  steam 
supplied  by  the  boiler  is,  therefore,  not  determined  by  the  volume  at 
b,  Fig.  187;  it  is  practically  from  33  to  233  per  cent  greater  than  the 
amount  thus  determined.  If  ABODE,  Fig.  187,  represents  the  ideal 
cycle,  then  b  will  be  found  at  a  point  Y^^here  F^  =from  0.30  V^  to  0.75  V^ 
(Art.  436). 

431ri.  Behavior  during  Expansion.  The  admission  valve  closes  at 
6,  and  the  steam  is  permitted  to  expand.  Condensation  may  continue 
for  a  time,  the  chilling  wall  surface  increasing  ;  but  as  expansion  pro- 
ceeds the  pressure  of  the  steam  falls  until  its  temperature  becomes  less 
than  that  of  the  cylinder  walls,  when  an  opposite  transfer  of  heat  begins. 
The  tvalls  now  give  up  heat  to  the  steamy  drying  it,  i.e.,  evaporating  a 
portion  of  the  commingled  water.  The  behavior  is  complicated,  how- 
ever, by  the  Uquefaction  which  necessarily  accompanies  expansion, 
even  if  adiabatic  (Art.  372).  The  reevaporation  of  the  water  during 
expansion  is  effected  by  a  withdrawal  of  heat  from  the  walls;  these 
are  consequently  cooled,  resulting  in  the  resumption  of  proper  conditions 
for  a  repetition  of  the  whole  destructive  process  during  the  next  succeed- 
ing stroke.  Reevaporation  is  an  absorption  of  heat  by  the  fluid.  For 
maximum  efficiency,  all  heat  should  he  absorbed  at  maximum  tempera- 
ture, as  in  the  Camot  cycle.  The  later  in  the  stroke  that  reevaporation 
occurs,  the  lower  is  the  temperature  of  reabsorption  of  this  heat,  and 
the  greater  is  the  loss  of  efficiency. 

481^,  Data  on  Condensation.  Even  if  the  cylinder  walls  were  per- 
fectly insulated  from  the  atmosphere,  these  internal  transfers  would 
take  place.  The  Callendar  and  Nicholson  experiments  showed  that  the 
temperature  of  the  inner  surface  of  the  cyhnder  walls  followed  the 
fluctuations  of  steam  temperature,  but  that  the  former  changes  were 
much  less  extreme  and  lagged  behind  in  point  of  time.  Clayton  has 
demonstrated  (7)  that  the  expansion  curve  may  be  represented  (in 
non-condensing  unjacketed  cylinders)  by  the  equation 

pi;^  =  constant,  n=O.Sx  + 0.465, 

where  x  is  the  proportion  of  drjTiess  at  cut-qff :  the  value  of  n  being 
independent  of  the  im'tial  pressure  or-ratio  of  expansion.    The  im'tial 
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■wetness  is  thus  the  important  factor  In  determining  the  rate  of  reevapora- 
tion  during  expansion.  With  atfum  very  drj'  at  cut-off  (due  to  jacket- 
ing or  superheat)  heat  may  be  lost  throughout  expansion.  In  ordinary 
cases,  the  condensation  which  may  occur  after  cut-off,  during  the  early 
part  of  expansion,  can  continue  for  a  very  brief  period  only:  the  prob- 
abiHty  ia  tliat  in  most  instances  such  apparent  condensation  has  beeu 
in  reality  nothing  but  leakage  (Art.  452),  and  that  condensation  prac- 
tically ends  at  cut-off. 

432,  ContinuitT  of  Action.    When  unity  of  weight  of  steam  oondenseB,  it  ^vra 

up  tht  Intent  heat  L;  when  afterward  reSvaporated,  it  reabsorbs  the  latent  heat 
L,;  meanwhile,  it  has  cooled,  losing  the  heat  h~h,.  The  net  result  m  an  increase  «/ 
heal  in  the  walU  of  L—Li-i-k—hi  =H —Hi,  and  the  walla  would  continually  betNunn 
hotter,  were  it  not  for  the  fact  that  heal  is  being  lost  by  radialion  lo  the  exiemal 
atmoBphere  and  that  more  water  is  reevaporated  than  was  initially  vuDdensed ;  so 
much  more,  in  fact,  that  the  drynraa  at  the  end  of  expansion  is  ueually  grealrr  than 
il  would  ham  been,  had  fxpaiision  bren  adiabatic,  from  the  same  amditimi  of  initial 
dryn^. 

The  outer  portion  of  the  cylinder  walls  remains  at  practically  uniform  tem- 
perature, steadily  and  irreversibly  losing  beat  to  the  atmosphere.  The  inner  portion 
boa  been  experimentally  shown  to  fluctuate  in  tempcrQtiire  in  accordance  with  the 
changee  of  temperature  of  the  steam  in  contact  with  it.  The  depth  of  this  "  peri- 
odic ''  portion  is  small,  anddecreaaesas  the  time  of  contact  during  the  cycle  decrenaca, 
e.g.,  in  high  speed  engines. 

433.  InSuences  Affecting  CondenEation.  Four  main  factors  are 
related  to  the  phenomena  of  cylinder  condensation:  they  are  (a)  the 
temperature  range,  (b)  the  size  of  the  engine,  (c)  its  speed  and  (most 
important),  ((/)  the  ralia  of  volumes  during  expansion.  Of  exlreme 
importance,  as  affecting  condensation  during  expansion,  ia  the  condi- 
tion of  the  steam  at  the  beginning  of  expansion. 

The  greater  the  range  of  pressures  (and  temperatures)  In  the  engine,  the  more 
marked  are  the  alternations  in  temperature  of  the  walls,  and  the  greater  is  tlip  dif- 
ference in  temperature  between  steam  and  walls  at  the  moment  when  steatn  is 
admitted  to  the  cylinder,  A  wide  range  of  working  temjieratures,  although  jjracti- 
cally  as  well  as  theoretically  desirable,  has  thus  the  disadvantage  of  leading  itaelf 


434.  Speed.  At  infinite  speed,  there  would  be  no  time  for  the  transfer  of  heat, 
however  groat  the  difference  of  temperature,  Willans  has  shown  the  perceniace 
of  water  present  at  c<it-off  lo  decrease  from  20,2  to  5,0  as  the  speed  increased  from 
122  to  401  r.  p.  w.,  the  steam  consumption  per  Ihp-hr.  concurrently  decreasing 
from  27.0  to  24.2  lb,  [8).  In  another  test  by  Willans.  the  speed  ranged  from  131 
to  405  r.  p.  m.,  the  moisture  at  cut-off  from  29,7  to  11,7,  and  the  steam  consuraption 
from  23.7  to  20.3;  and  in  still  another,  the  three  sets  of  figures  were  116  to  40I. 
20.9  to  8.9,  and  20,0  to  17.3.    In  all  cases,  for  the  type  of  engine  under  coDsiders- 
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tion,  increase  of  speed  decreased  the  proportion  of  moisture  and  increased  the 
economy:  but  it  should  not  be  inferred  from  this  that  high  speeds  are  necessarily 
or  generally  associated  with  highest  efficiency. 

486.  Size.  The  volume  of  a  cylinder  is  xD'L-s-4  and  its  exposed  wall  surface 
ifl  {xDL) -{-(xD* -7-2) f  if  D  denotes  the  diameter  and  L  the  exi)osed  length.  Tie 
volume  increases  more  rapidly  than  the  wall  surface,  as  the  diameter  is  increased 
for  a  constant  length.  Since  the  lengths  of  cylinders  never  exceed  a  certain  linJt, 
it  may  be  said,  generally,  that  small  engines  show  greater  amounts  of  condensation, 
and  lower  efficiencies,  than  large  engines. 

438.  Ratio  of  Expansion.  This  may  be  defined  as  Vd-i-Vi,,  Fig.  187  (Art.  450). 
The  greater  the  ratio  of  expansion,  the  greater  is  the  initial  condensation.  This 
would  be  true  even  if  expansion  were  adiabatic;  with  early  cut-off,  moreover,  the 
time  during  which  the  metal  is  exposed  to  high  temperature  steam  is  reduced,  and 
its  mean  temperature  is  consequently  less.  Its  activity  as  an  agent  for  cooling 
the  steam  during  expansion  is  thus  increased.  Again,  the  volume  of  steam  during 
admission  is  more  reduced  by  early  cut-off  than  is  the  exposed  cooling  surface,  since 
the  latter  includes  the  two  constant  quantities,  the  surfaces  of  the  piston  and  of  the 
cylinder  head  (clearance  ignored — Art.  450).  The  following  shows  the  results  of 
several  experiments: 


Obabrvxks 

Ratio  or 
Expansion 

Per  Cent,  or  Water 

AT  CL'T-OFF 

SlEAM   (.'oNsrMI'TIoN. 

Pousns  i»er  Iiii>-iir. 

Loring  and  Emery 
Willans  (9) 

Lotr 

4.2 
4.0 

High 
10.8 

8.0 

Loit 
... 

8.9 

High 
.   •   . 

25.0 

Loic 

21.2 
20.7 

High 
25.1 

2;j.i 

Barrus  (lO)^ves  the  following  as  average  resulU  from  a  large  number  of  tests 
of  Corliss  engines  at  normal  sjK^ed : 


CuT-orr,  P«r  Cent. 

Percentage  of 

Cut-off,  Per  Cest. 

Percentage  »)F 

or  Stbokk 

Condensation 

or  Stroke 

Coxi>en«ation 

2.5 

62 

25.0 

24 

5.0 

54 

30.0 

20 

10.0 

44 

40.0 

16 

15.0 

36 

45.0 

15 

20.0 

28 

In  these  three  sots  of  experiments,  it  was  found  that  the  proi)or- 
tion  of  water  steadily  decreased  as  tlie  ratio  of  expansion  decreased. 
The  steam  consumption,  however,  decreased  to  a  certain  minimum 
figure,  and  then  increased  (a  feature  not  shown  by  the  tal)ulatioiO  — 
see  Fig.  189a.    The  beneficial  effect  of  a  decrease  in  condensation 
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!,  as  in  general  practice,  offset  at  a.  certain  stage  by  the  thermo- 
i  due  to  relatively  incomplete  expansion,  discussed  in 
Art.  418.  The  proper  balancing  of 
these  two  factors,  to  secure  Iwst 
efficiency,  is  the  problem  of  the 
engine  designer.  It  must  be  solved 
by  recourse  to  theory,  experiment, 
and  the  study  of  standard  practice. 
In  American  stationary  engines,  the 
ratio  of  expansion  in  simple  cylinders 

iBi.,11  ,■!,  initiui  Conden-     {a  umally  from  4  io  5. 

id  Efficiency. 

437.  Quantitative  Effect.  Empirical  tormulas  for  cyEnder  condenantioD  have 
been  presented  by  Marks  and  Heck,  among  others,  Marks  (II)  gives  a  curve 
of  coadensation,  ahowing  the  proportion  of  Bteam  condensed  for  various  ratios  of 
expansion,  all  other  factors  being  eliminated.  A  more  satisfactory  relation  is 
established  by  Ucck  (12),  whose  formula  for  non-jacketed  engines  is 


Af' 


0.27 

"■Vn\ 


in  which  M  is  the  proportion  of  steam  condensed  at  cut-off,  N  is  the  speed  of  the 
engine  (r.  p.  m.),  8  is  the  quotient  of  the  exposed  surface  of  the  cylinder  in  square 

'  1 1  where  D  and  L  are  in  inches,  p  ia  the 


feet  by  its  volume  in  cubic  feet  = 


TABLE:  VALUES  FOR  T 


Vo 

c™,. 

P» 

Co.^. 

pt 

Ctnl. 

Pe 

Cp<ue. 

0 

170 

46 

262 

116 

348 

185 

409 

1 

175 

60 

269i 

120 

353 

190 

413 

2 

179 

55 

277 

125 

358 

195 

416* 

3 

IS3 

60 

284 

130 

362) 

200 

420 

4 

186 

65 

291 

135 

367 

210 

427 

6 

191 

70 

297i 

140 

371i 

220 

434 

8 

190 

75 

304 

145 

376 

230 

44t 

10 

200 

80 

310 

150 

380i 

240 

447* 

la 

210 

86 

316 

155 

385 

250 

454 

20 

220 

90 

3211 

160 

389 

260 

460i 

2S 

229 

95 

327 

166 

393 

270 

467 

30 

238 

100 

3321 

170 

397 

280 

473 

35 

246 

106 

338 

175 

401 

290 

479 

40 

254 

no 

343 

180 

405 

300 

4SS 

(7*  in  the  fornnila  Is  equal  to  the  ditTerenrc  in  constants  corresponding  with  the 
highest  and  lowest  absolute  pressures  in  the  cylinder.) 
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absolute  preflsure  per  square  inch  at  cut-off,  e  is  the  reciprocal  of  the  ratio  of  expan- 
sion, and  7  is  a  function  of  the  pressure  range  in  the  cylinder,  which  may  be  obtained 
from  the  table  on  p.  306.  Heck  estimates  that  the  steam  consumption  of  an 
engine  may  be  computed  from  its  indicator  diagram  (Art.  500)  within  10  per  cent 
by  the  application  of  this  formula.  If  the  steam  as  delivered  from  the  boiler  is 
wet,  some  modification  is  necessary. 

438.  Reduction  of  Condensation.  Aside  from  careful  attention  to 
the  factors  already  mentioned,  the  principal  methods  of  minimizing 
cylinder  condensation  are  by  (a)  the  use  of  steam- jackets,  (6)  super* 
healing  the  steam,  and  (c)  the  emplojinent  of  multiple  expansion, 

439.  The  Steam  Jacket.  Transfers  of  heat  between  steam  and 
cylinder  walls  would  be  eliminated  if  the  walls  could  be  kept  at  the 
momentary  temperature  of  the  steam.  Initial  condensation  is  elimi- 
nated if  the  walls  are  kept  at  the  temperature  of  steam  during  admis- 
sion :  it  is  mitigated  if  the  walls  are  kept  from  being  cooled  by  the 
low-pressure  steam  during  the  latter  part  of  expansion  and  exhaust. 

The  steam  jacket,  invented  by  Watt,  is  a  hollow  casing  enclosing  the 
cylinder  walls,  within  which  steam  is  kept  at  high  pressure.  Jackets 
have  often  been  mechanically  imperfect,  and  particular  difficulty  has 
been  experienced  in  keeping  them  drained  of  the  condensed  water. 
In  a  few  cases,  the  steam  has  passed  through  the  jacket  on  its  way  to 
the  cylinder;  a  bad  arrangement,  as  the  cylinder  steam  was  thus  made 
wet.  It  is  usual  practice,  with  simple  engines,  and  at  the  high-pressure 
cylinders  of  compounds,  to  admit  steam  to  the  jacket  at  full  boiler 
pressure;  and  in  some  cases  the  pressure  and  temperature  in  the  jacket 
have  exceeded  those  in  the  cylinder.  Hot-air  jackets  have  been  used,  in 
which  flue  gas  from  the  boiler,  or  highly  heated  air,  was  passed  about 
the  body  of  the  cylinder. 

440.  Arguments  for  and  against  Jackets.  The  exposed  heated 
surface  of  the  cylinder  is  increased  and  its  mean  temperature  is  raised; 
the  amount  of  heat  lost  to  the  atmosphere  is  thus  increased.  The  jacket 
is  at  one  serious  disadvantage :  its  heat  must  be  transmitted  through  the 
entire  thickness  of  the  walls;  while  the  internal  heat  transfers  are 
effected  by  direct  contact  between  the  steam  and  the  inner  *'  skin  " 
of  the  walls. 

Unjacketed  cylinder  walls  act  like  heat  sponges.  The  function  of 
the  jacket  is  preventive,  rather  than  remedial,  opposing  the  formation 
of  moisture  early  in  the  stroke,  liquefaction  being  transferred  from  the 
cylinder  to  the  jacket,  where  its  influence  is  less  harmful.  The  walls 
axe  kept  hot  at  all  times,  instead  of  being  periodically  heated  and  cooled 
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by  the  action  of  the  cylinder  Bteam.     The  steam  in  the  jacket  tJ**" 
not  expand;  its  temperature  is  at  all  times  the  maximum  tcmporat.'*!*  I 
attained  in  the  cycle.     The  mean  temperature  of  the  walls  is  t  •lUB 
raised. 


441.  Results  of  Jacketing.    Id  the  ideal  case,  the  action  of  the  jacket  maj 
regarded  oa  ahowii  by  (he  difference  of  the  area^  dekl  anU  debf,  Fig.  183.     The  t. 
heat  supplied,  without  Ilie  jacket,  m  WeA2,  but  cylinder  condensation  maJcca 
eteam  wet  at  cut-off,  ^vuig  the  work  area  dekl  only.    The  additional  heat 
mipplied  by  the  jftcket,  gives  the  additional  work  area  kbfl,  manifestly  at 
efficiency.    In  this  country,  jackets  have  been  generally  employed  on  well'kni 
engines  of  high  efficiency,  particularly  on  slow  speed  pumping  engines;    but  t 
use  in  not  common  with  stondurd  designs.     Slow  speed  and  extreme  expi 
which  suggest  jackets,  lead  to  excessive  bulk  and  first  cost  of  the  engine, 
normal  speeds  and  expansive  ratios,  tlie  engine  ia  cheaiier  and  the  necesaity 
the  jacket  is  less.     The  use  of  the  jacket  is  to  be  det«rminod  from  coDsidcrali 
of  capital  charge,  cost  of  fuel  and  load  factor,  as  well  as  of  (hermodynsJiiic 
These  commercial  factors  at^count  for  the  for  more  general  use  of  the  jacket 
than  in  the  United  States. 

From  7  to  12  per  cent  of  the  whole  amount  of  Bteam  supplied  to  I 
may  be  ooadenaed  in  the  jacket.     The  power  of  the  engine  is  almost  i 

increased  by  a  greater  percentage  than  that  of  ineiui*'^ 
of  steam  consumpiion.  The  fylivdrr  »aita  more  tfi^ 
the  jacket  spends,  although  in  some  cases  the  amou/it 
of  steam  saved  has  been  small.  The  range  of  act 
saving  may  be  from  2  or  3  up  to  15  per  cent.  The 
increasetl  jjower  of  the  engine  is  represenled  by  the 
difference  between  the  areas  abates  and  aXYdn, 
Fig.  187.  The  latter  area  approaches  much  more 
closely  the  ideal  area  ABCDE.  Jacketing  pays  best 
_  ^'  when  the  conditions  are  such  as  to  naturally  induce 
excessive  initial  condensation.  The  diagram  «f  Rg, 
190,  after  Donkin  (14),  shows  the  variation  in  value 
of  a  Bteam  jacket  at  varying  ratios  of  e^tpansion  in  the  same  engine  run  at  constant 
speed  and  initial  pressure.  With  the  jacket,  the  best  ratio  of  expansion  was  ^x>Ut 
10,  giving  25  lb.  of  steam  per  hp.-hr:  without  the  jacket,  the  lowest  sti 
tion  (of  39  lb.  per  hp.-hr)  was  reached  at  an  expansion  ratio  of  4. 

442.   Use  of  Superheated  Steam.     The  thermodynamic  advantage  of   | 

superheating,  though  small,  is  not  to  be  ignored,  some  heat  Ijeing  taken 
in  at  a  temperature  higher  than  tlie  mean  temperature  of  heat  absori)-  i 
tion;   the  practical  advantages  are  more  important.     Adequate  super- 
heat fills  the  "  heat  sponge  "  fonncd  by  the  wall.'*,  without  letting  the  J 
steam  become  wet  in  consequence.     If  superheating  is  slight,  the  st«am,   , 
during  admission,  may  be  brought  down  to  the  saturated  condition, 
and  may  even  become  wot  at  cut-ofT,  following  sucli  a  path  as  debrlM,  ! 
Fig,  1S3.     With  a  greater  amoimt  of  superheat,  the  steam  may  remain  \ 
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dry  or  even  superheated  at  cut-off,  giving  the  paths  debzyf,  debixA. 
The  miniraum  amount  of  superheat  ordinarily  necessary  to  give  dry- 
ness at  cut-off  seems  to  be  about  100°  F. ;  it  may  bn  much  greater. 
Jlipper  finds  (IJi)  that  about  7.5°  F.  of  superheat  are  npcessary  Cor  each 
1  per  cent  of  wetness  at  cut-off  to  be  expected  when  working  with 
saturated  steam.  We  thus  obtain  Fig.  191,  in  which  the  increased  work 
.'irijas  acbd,  cefb,  eijhf  are  obtained  by  superheating  along  jk,  kl,  Im, 
<ach  path  representing  75°  of  superheat.  Taking  the  pressure  along  ag 
-L^(  11*0  lb.,  and  that  along  kb  us  1  lb.,  the  absolute  teinpevat'ires  are  8(»0  9' 
^uiil  6G1.43°,  respectively,  and  since  the  latent  heat  at  120  lb.  is  877.- 
\\.  t.  u.,  the  work  gained  by  each  of  the  areas  in 
'Vjiiestioa  is 

g-y,/800.9- 661.43V 


800.9 


26.1  B.  t.  u. 


r  ^T 


If  we  take  the  specific  heat  of  superheated 
M:i'ara,  roughly,  at  0.48,  the  heat  used  in  secur- 
ing,' this  additional  work  area  is  0.48x75  =  ;:{r> 
11.  t.  u.  The  efficiency  of  superheating  is  then 
I'll -!- SO  =  0.73,  while  that  of  the  non-super-  F:a.  llii.  Ari.  442.— Super- 
lii-ated  cycle  as  a  whole,  even  if  operated  at  Car-  ''eat  f"'  ("'er.MmiiiB  initial 
ii.>l  efficiency,  cannot  exceed  239,47 -!-800.9=0.30.  '^'""'^ "»""""■ 
iJreat  care  should  be  taken  to  avoid  loss  of  heat  in  pipes  between  the  super- 
heater and  the  cyhnder;  without  thorough  insulation  the  fall  of  tem- 
perature here  may  be  so  great  as  to 
considerably  increase  the  amount  of 
superheating  neceasary  to  secure  the 
desired  result  in  the  cj-iinder. 


443.    GxperimentBl  Results  with  Super- 
heat.  The  Alsace  tests  of  1862  showed,  with 
from  60°  to  WS"  of  superheat,  an  average  net 
Having  of  12  per  cent,  based  on  fuel,  even  when 
the   i»al   consumed    in   the   separately  fired 
superheaters  was   eonsidered;   anti  when  the 
superheaters  were   fired   by  waste  heat  from 
the   boilers,   the  average  saving  was  20  per 
cent.     Willans   found   a   considerable  saving 
by  superheat,  even  when  ent-off  was  at  half 
'tainly  not  unduly  favorable  to  superheating.     As 
speeds  and 
ise   of  high 


Bl.rokc,   a  ratio  of  expansion 

with  jaekele,   the  advantage  of  superheat  is  greatest  in  engines  of 

hiKli  expansive  ratios.     Striking  results   have   been   obtained   by  the   i 

superheats,   ranging   from   200°  to   300°  F.  above  the  temperature  of 

Tke  meclituiicB]  design  of  the  engine  must  then  be  consider^ly  modified.    Vaugbau 
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(16)  tiEis  reported  remarlukbly  large  gavinga  due  to  superheating  in  locomobre 
practice.  Figure  193  ahown  the  de<!reas«l  ateam  conaumption  due  to  virioo* 
degrees  of  euperhcat  in  a  amall  higb  speed  engine. 

444.  Actual  Expansion  Curve.    lu  Fig.  187,  bYo  represents  the 
curve  of  constant  dryness,  bCo  (he  aciiabatic.     The  actual  expaiisioi 
curve  in  an  uiijacketed  cylinder  using  saturated  steam  will  then  be 
some  such  line  as  be,  the  entropy  increasing  in  the  ratio  12-i-xy  a.iw 
the  fraction  of  dryness  in  the  ratio  xz-r-xw.     Expressed  exponenliftliy' 
the  value  of  n  for  such  expansion  curve  depends  on  the  initial  dryi»«** 
{Art.  4316);  it  ia  usually  between  0.8  and  1.2,  and  averages  al>«"^ 
1.0(),  when  the  equation  of  the  curve  is  PV  =pv.    This  should    voi 
be  confused  with  the  perfect  gas  isothermal;  that  the  equation    "5iaa  I 
the  same  form  is  accidental.     The  curve  PV  =pv  is  an  eguilal'^^™ l 
hyperbola,  eonmaonly  called  the  hyperbolic  line. 

The  actual  expansion  path  be  vn[\  then  appear  on  the  entropy 
gram,  Fig.  189,  as  be,  be',  usually  more  like  the  former.  The  poii 
(cut-off)  apecifiea  a  lower  pressure  and  temperature  than  does  /J  in 
ideal  diagram,  and  lies  to  the  left  of  B  on  account  of  initial  condei 
tion.  If  expansion  is  then  along  be,  the  walls  are  giving  up,  to 
steam,  heat  represented  by  the  area  I'ttc'i.  Tliia  is  much  less  t 
the  area  nibBM,  which  represents  roughly  the  loss  of  heat  to  the 
by  initial  condensation. 


95, 


449.  Work   done    during   Expansioi 
this    is,    for    a    hyperbolic    curvi 


Engine    Capacity.     From  ^ 
BC,  Fig.   1.S7,  P^V^  log, 


Assume  no  clearance,  and  admission  and  exhaust  to  occur  with^cmoi 
change  of  pressure;    the  cycle  is  then  precisely  that  represented 
ABODE,  excepting  that  the  expansive  path  is  hyperbohc.     Then 
work  done  during  admission  is  Pg  Vg :  the  negative  work  during  c.\hw 
ia  Po^c'  ^^^  ''^  ^^^  work  of  the  cycle  is 


PbVb+PbVb  log.  ^''-PoVc^PbVJ 


i-log,-j 


The  mean  effective  pressure  or  average  oniinale  of    the 
obtained  by  dividing  ihla  by  V^,  giving 


FiiV,   1  +  log,^ 


'P^Vo. 
work  area  is 
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or,  letting  -^  =r,  it  is 


Pa(l+log.r) 


Letting  m  stand  for  this  mean  effective  pressure,  in  pounds  per  square 
inch,  A  for  the  piston  area  in  square  inches,  L  for  the  length  of  the  stroke 
in  feet,  and  iV  for  the  revolutions  per  minute,  the  total  average  pressure 
on  the  piston  (ignoring  the  rod)  is  mA  pounds,  the  distance  through 
which  it  is  exerted  per  minute  is  in  a  double-acting  engine  2  L^  feet, 
and  the  work  per  minute  is  2  mALN  foot-pounds,  or  2  m.4LiV-^  33,000 
horse  power.  This  is  for  an  ideal  diagram,  which  is  always  larger  than 
the  actual  diagram  abodes;  the  ratio  of  the  latter  to  the  former  giv^es  the 
diagram  factor,  by  which  the  computed  value  of  m  must  be  multiplied 
to  give  actual  results. 

Diagram  factors  for  various  types  of  engine,  as  given  by  Seaton,  are  as  follows: 

Expansion  engine,  with  special  valve  gear,  or  with  a  separate  cut-off  valve, 
^sylinder  jacketed  .  .  .  0.90; 

Expansion  engine  having  large  ports  and  good  ordinary  valves,  cylinders  jacketed 
•  .  .  0.86  to  0.88; 

Expansion  engines  with  ordinary  valves  and  gear  as  in  general  practice,  and 
^tinjacketed  .  .  .  0.77  to  0.81; 

Compound  engines,  with  expansion  valve  on  high  pressure  cylinder,  cylinders 
jacketed,  with  large  ports,  etc.  .  .  .  0.86  to  0.88;    (see  Art.  466). 

Compound  engines  with  ordinary  slide  valves,  cylinders  jacketed,  good  ports, 
«tc.  .  .  .  0.77  to  0.81; 

Compoimd  engines  with  early  cut-off  in  both  cylinders,  without  jackets  or 
separate  expansion  valves  .  .  .  0.67  to  0.77; 

Fast-running  engines  of  the  type  and  design  usually  fitted  in  warships  .  .  .  0.57 
to  0.77. 

The  extreme  range  of  values  of  the  diagram  factor  is  probably  between  0.50  and 
0.90.  Regulation  by  throttling  gives  values  0.10  to  0.25  lower  than  regulation 
by  cut-off  control.  Jackets  raise  the  value  by  0.05  to  0.15.  Extremely  early 
cut-off  in  simple  unjacketed  engines  (less  than  I)  or  high  speed  (above  225  r.  p.  m.) 
may  decrease  it  by  0.025  to  0.125.  Features  of  valve  and  port  design  may  cause 
a  variation  of  0.025  to  0.175. 

Piston  speeds  of  large  engines  at  aroimd  100  r.  p.  m.  now  range  from  720  ft. 
per  minute  upward.  The  power  output  of  an  engine  of  given  size  is  almost  directly 
proportional  to  the  piston  speed.  Rotative  speeds  (r.  p.  m.)  depend  largely  on  the 
type  of  valve  gear,  and  are  limited  by  the  strength  of  the  flywheel.  Releasing 
gear  engines  do  not  ordinarily  run  at  over  100  r.  p.  m.  (Art.  507) :  nor  do  four-valve 
engines  often  exceed  240  r.  p.  m.  The  smaller  engines  are  apt  to  have  the  higher 
rotative  speeds  and  the  larger  ratios  of  cylinder  diameter  to  stroke.  Long  strokes 
favor  small  clearances,  with  many  t)T)e8  of  valve.  Engines  of  high  rotative  speed 
will  generally  have  short  strokes.  Speeds  of  stationary  reciprocating  engines  seldom 
exceed  325  r.  p.  m. 
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446.  Capacity  from  CUfton's  Fonnula.     If  the  expansion  curve  ran  be  repre- 

aentf-d  by  the  equation  ;»'"  =  const, .  in  whicli  n/^l,  the  mean  eSective  prcBauie 
(clearance  ignored)  h,  with  the  notation  of  Art.  445, 

r(«-l)     '^°     r"{n-l)' 

The  best  present  basia  for  design  ia  to  find  n  em  suggested  in  Arts.  431b,  437, 
to  asaumc  a  moderate  amount  uf  hyperbolic  compression  (see  Art.  451)  and  to 
allow  for  clearance.  This  ia  in  fact  the  only  Buitable  method  for  use  where  then 
ia  high  HUperhest:  in  which  case  n>1.0. 

Thus,  let  the  pressure  limits  be  120  and  16  lb.  absolute,  the  ap|>arcnt  ratio  of 
expansion  4,  clearance  4  [ler  cent,  eompreasion  to  32  lb.  absolute,  7i  =  1.15.  The 
approximate  equation  above  gives 

1.15X120     ,.  120  ^^,, 

""^ OM  '''-4-.'Sx0.15^-^"'- 

More  exactly,  calling  the  clearance  volume  0.04,  tho  length  of  the  diagr&ni  Is  1.0, 
the  volume  at  cut-off  is  0.29,  and  the  maximum  volume  attained  ia  1.04.  The 
mean  effective  pressure  ia 

m  =  (120X0.25)  +  f^^'>^'>'^'q-f-«><^-'^'-16  (1.04-0.08) 

-{30X0.04  log,  2)  -54.5  lb.  per  square  inch, 
theprcsaure  at  the  end  of  expansion  being  120  (r^  I  =27.6Ib.  and  the  volume  at 
the  beginning  of  compression  being  0.04Xfi— 0.08. 

Any  diagram  factor  employed  with  this  method  will  vary  only  slightly  from  1.0, 
depending  principally  upon  the  tyi>e  of  valve  and  gear.  Unfortunately,  we  do  not 
as  yet  possess  an  aderitiate  amount  of  mfonnation  as  to  values  of  n  in  condensiog 
and  jacketed  engines. 

447.  Capacity  vt.  Economy.  If  we  ignore  the  influence  of  con- 
densation, t!ie  CliiusiiiB  cyule  (Art,  409),  objectionable  as  it  is  with 
regard  to  capacity  (Art.  418),  would  be  the  cycle  of  maximum  effi- 
ciency i  practically,  when  we  contemplate  the  escesaive  condensation 
that  would  accompany  anything  like  complete  expansion,  the  cycle  of 
Rankine  is  superior.  This  statement  does  not  apply  to  the  steam  tur- 
bine (Chapter  XIV).  The  steam  engine  may  be  given  an  enormous 
range  of  capacity  by  varying  the  ratio  of  expansion  ;  but  whea  this 
falls  above  or  below  the  proper  limits,  economy  is  seriously  sacrificed. 
In  purchasing  engines,  the  ratio  uf  expansion  at  normal  load  slioiild 
be  set  fairly  high,  else  the  overload  capacity  will  be  reduced.  Iti 
marine  service,  economy  of  fuel  is  of  especial  importance,  in  order  to 
save  storage   space.     Here   expansive   ratios   may  therefore    range 
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higher  than  is  common  in  stationary  practice,  where  economy  in  first 
cost  is  a  relatively  more  important  factor. 

448.  The  Exhaust  Line :  Back  Pressure.  Considering  now  the  line  de  of  Fig. 
IvST.  we  tiiid  a  noticeable  loss  of  work  area  as  compared  with  that  in  the  ideal 
case.  (Line  />£J  represents  the  pressure  existing  outside  the  cylinder.)  This  is 
due  to  several  causes.  The  frictioiial  resistance  of  the  ports  and  exhaust  pipes 
(greatly  increased  by  the  presence  of  water)  produces  a  wiredrawing  effect,  mak- 
ing the  pressure  in  the  cylinder  higher  than  that  of  the  atmosphere  or  of  the  con- 
denser. The  presence  of  air  in  the  exhaust  passages  of  a  condensing  engine  may 
elevate  the  pressure  above  that  corresponding  to  the  temperature  of  the  steam, 
and  so  cause  undesirable  resistance  to  the  backward  movement  of  the  piston. 
This  air  may  be  present  as  the  result  of  leakage,  under  poor  operating  conditions; 
more  or  less  air  is  always  brought  in  the  cycle  with  the  boiler  feed  and  condenser 
water.  The  effect  of  these  causes  is  to  increase  the  pressure  during  release,  even 
in  good  engines,  from  1.0  to  3.0  lb.  above  that  ideally  obtainable. 

Reevaporation  may  be  incomplete  at  the  end  of  expansion;  it  then  proceeds 
during  exhaust,  sometimes,  in  flagrant  cases,  being  still  incomplete  at  the  end  of 
exhaust.  The  moisture  then  present  greatly  increases  initial  condensation.  The 
evaporation  of  any  water  during  the  exhaust  stroke  seriously  cools  the  cylinder 
walls.  In  general  good  practice  the  steam  is  about  dry  during  exhaust;  or  at  least 
during  the  latter  portion  of  the  exhaust. 

449.  Effect  of  Altitude.  The  possible  capacity  of  a  non-condensing  engine  is 
obviously  increased  at  low  barometric  pressures,  on  account  of  the  lowering  of  the 
line  DEj  Fig.  187.  With  condensing  engines,  the  absolute  pressure  attained  along 
DE  depends  upon  the  projwrtion  of  cooling  water  supplied  and  the  effectiveness 
of  the  condensing  apparatus.  It  Ls  practically  indejiendent  of  the  barometric  pres- 
sure, excepting  at  very  high  vacua;  consequently,  the  capacity  of  the  engine  is 
unchanged  by  variations  in  the  latter.  A  slightly  decreased  amount  of  power, 
however,  will  suffice  to  drive  the  air  pump  which  delivers  the  products  of  conden- 
sation against  any  lessened  atmospheric  pressure. 

450.  Clearance.  The  line  esa  does  not  at  any  point  come  in  contact  with  the 
ideal  line  EA,  Fig.  187.  In  all  engines,  there  is  necessarily  a  small  space  left 
l)etween  the  piston  and  the  inside  of  the  cylinder  head  at  the  end  of  the  stroke. 
This  space,  with  the  port  spaces  back  to  the  contact  surfaces  of  the  inlet  valves,  is 
filled  with  steam  throughout  the  cycle.  The  distance  /;*  in  the  diagram  represents  the 
volume  of  these  "  clearance  "  spaces.  In  Fi^^.  195,  the  apparent  ratio  of  ex- 
pansion is  — .     If  the  zero  volume  line  OP  be  found,  the  real  ratio  of  expansion, 

ah 

FD 
clearance  volume    include<l,  is   — —.      The   proportion     of  clearance  (always  ex- 

pressed  in  terms  of  the  piston  displacement)  is  — .    The  clearance  in  actual  engines 
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varies  from  2  to  H 

depending    largely   on  the  type 


t  of  the  piston  dispUcement,  the  neceeaary  ai 


valve  gear.  In  suoh  an  engine  as  ibsl  irf 
Fig.  1S6,  it  is  necessarily  large,  on  &(^un( 
of  the  long  ports.  In  these  flat  slide  valve 
engines  it  averuges  5  to  10  per  nent:WLih 
rotary  (Corliss)  valves,  3  to  8  per  cent;  Kifii 
single  piston  valves,  8  to  IS  per  cent.  TIcsp 
figures  ore  tor  valves  pla<!ed  on  the  side  (bar- 
rel) of  the  cylinder.  When  valves  are  plawd 
on  lieadM,  the  rleanince  may  be  reduced  3 '" 
6  per  cent.  In  the  unidirectional  A"* 
(Stumpf)  engine  (.Art,  507),  it  is  only  oboul 
2  per  cent.  It  is  proporlionattly  greater  » 
email  engines  ,  than  in  those  of  lai^  "**' 
,i_  It  may  be  oecuratcly  estimated  by  pla""? 
the  piston  at  the  end  of  the  strake  and  ^'' 
ing  the  clearance  spaces  with  a  weighed  "* 
meaflureei  amount  of  water.  All  waste  spaces,  back  to  the  contact  surfaces  of  ^'* 
valves,  count  as  clearance. 

451.  Compression.  A  large  amount  of  steam  is  employed  lo  fill  Ihc  tleax**"" 
space  at  the  beginning  of  each  stroke.  Tliia  can  be  avoided  by  closing  the  ext**"*^ 
valve  prior  to  the  end  of  the  stroke,  a«  at  t,  Fig.  187,  the  piston  then  comprer^*'^ 
the  clearance  steam  along  «»,  so  that  the  pressure  is  raised  nearly  or  quite  lo  "^ 
of  the  entering  sleam.  This  compression  serves  to  prevent  any  sudden  revntr  *" 
thrust  at  tha  end  of  the  exhaust  stroke.  It  compression  is  so  complete  as  f«  ■■° 
the  pressure  of  the  clearance  Bleani  lo  that  carried  in  the  supply  pipe,  no  lomofB'^t^' 
will  be  experienced  in  filling  clearance  spaces.  The  work  expended  in  compri  i^-*' 
raKg,  Fig.  195,  will  be  largely  recovered  during  the  next  forward  stroke  by  iheeJC^T 
sion  of  the  clearance  steam:  the  clearance  will  thus  have  had  Utile  eJTect  oi^^ 
efficiency;  the  loss  of  cajiacity  ^a  will  be  just  balanced  by  the  saving  rif  st-^^ 
for  the  amount  of  steam  necessary  to  fill  the  dearance  space  would  have  expa^^^ 
along  oe,  if  no  other  steam  had  been  present. 

Complete   compression  would,  however,  raise  tlio   temperature  of   the  * 

pressed  steam  so  much  above  that  of  the  cylinder  walls  that  serious  condenc^^ 
would  occur.    This  might  be  counteracted  by  jacketing,  hut  in  practice  it  ii^- 
tomary  to  terminal*  compression  at  some  pressure  lower  than  that  of  the  enle^'' 
steam.     A  certain  amount  of  unresisted  expansion  then  takes  place  durinf^ 
entrance  of  the  steam,  giving  a  wiredrawn  admission  line.     If  the  pressure 
Fig.    187,  is  fixed,  it  is,  of  course,  easy  to  determine  the  point  e  at  wliicU 
exhaust  valve  must  close.    Considered  as  a  method  of  warming  the  cylinder  V 
80  88  to  prevent  initial  condensation,  compression  is  "  theoretically  leas  desir**""' 
than  jacketing,  for  in  the  former  case  the  heat  of  the  steam,  once  transform^*'  '* 
work,  with  accompanying  heavy  losses,  ia  again  transformed  into  heat,  whil*  '" 
the  latter,  heat  is  directly  applied."     l'"or  mechanical  reasons,  some  comiiressioti  i» 
usually  considered  necessary.     It  makes  the  engine  amootli-ruuniug  and  prohaHf 
decreases  condensation  if  properly  limited.     Compression  must  not  be  regarded  M 
bringing  about  any  nearer  itppvoach  to  the  Carnot  cycle.     It  is  applied  to  a  verj 
small   portion   only  of   the   working   subBtance,   the   major  portion  of  which  il 
externally  heated  during  its  passage  through  Ihe  steam  plant. 
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452.  ValT«  Action:  Leikage.  We  have  now  considered  most  of  the  differeoces 
between  the  actual  and  ideal  diagrams  of  Fig.  187.  The  rounding  of  the  cornere 
at  b,  and  along  rrfu,  if  due  to  sluggish  valve  arlion;  valves  muat  be  opened  slightly 
before  the  full  effect  or  their  opening  is  realised,  and  they  cannot  cloite  inslantaneously. 
The  round  corner  at  «  is  due  to  the  slow  closing  of  the  exhaust  valve.  The  inclined 
line  so  shows  the  admission  of  alcam,  the  shaded  work  area  being  lost  by  the  slow 
movement  of  the  valve.  In  most  cosca,  admission  ia  made  to  occur  slightly  prior 
to  the  end  ot  the  stroke,  in  order  to  avoid  this  very  effect.  If  admiKsion  is  loo  early, 
a  n-gative  lost  work  loop,  tiinn,  naay  be  formed.  Important  aberrations  in  the 
diu^am,  aiid  modificationa  of  the  phenomena  of  cylinder  condensation,  may  result 
from  leakage  past  valves  or  pistons.  In  an  engine  like  that  of  Fig.  186,  sleam 
may  escape  directly  from  the  steam  chest  to  the  exhaust  port.  Valv»«  are  more 
&pt  to  leak  than  pistons.  A  valve  may  be  tight  when  stationary,  but  leak  when 
moving;  it  may  be  tight  when  cold  and  leak  when  hot.  Unbalanced  slide  valves, 
poppet  and  Corliss  valves  lend  to  wear  tight ;  piston  vnlvea  and  balanced  slide 
Talvra  become  leaky  with  wear.  Leakage  is  increased  when  the  eleam  is  wet. 
Jacketing  the  cylinder  decreases  leakage.  The  steam  valve  may  allow  eleam  to 
enter  the  cylinder  after  the  point  ot  cutnifT  has  been  passed.  Fortunately,  as  the 
difference  in  pressure  between  steam  ehesl  and  cylinder  increases,  the  overlap  of 
the  valve  also  increases.  leakage  past  the  exhaust  valve  ia  particularly  apt  to 
occur  just  after  admission,  because  then  (unless  them  is  considerable  compression) 
the  exhaust  valve  has  only  just  closefi 

The  indicator  diagram  cannot  be  depended  on  to  detect  leakage,  excepting  as 
the  curves  are  Ijanaferred  to  logarithmic  coordmates  {7).  Such  steam  valve  Irakugc 
as  has  just  been  described  produces  the  same  apparent  effe<;t  as  refivaporatirn 
occurring  shortly  after  cut^-olT.  leakage  from  the  cylinder  to  the  exhaust,  occurring 
during  this  period,  produces  the  effect  which  was  formerly  regarded  as  due  to  cylinder 
condensation  immediately  following  cut-off.  In  engines  known  to  have  tight 
exhaust  valves,  this  latter  effect  is  not  found. 

An  engine  may  be  blocked  and  examined  tor  leakage  (T'ninii.  A.  S.  M.  E.,  XXIV, 
719)  but  it  is  difhcult  to  ascertain  the  actual  amount  under  running  conditions. 
In  one  l«it  of  a  small  enginp.  leakage  was  found  to  be  3*10  lb.  per  hour.  Tests  have 
shown  that  with  slrple  flat  shde  or  piston  valves  the  steam  consumption  ircrpasea 
about  15  per  cent  in  from  I  to  ."i  years,  on  account  of  leakage  alone.  .A  large 
number  of  teits  made  on  all  typea  of  eivgine  gave  steiwn  consumptions  averacirg 
5  per  cent  higher  where  leakage  was  apparent  than  where  valves  and  pistons  were 
known  to  be  tight. 

^^H  The  Steam  Engine  Cycle  on  the  Entropy  Diaoram 

^^^R4S3.  Cylinder  Feed  and  Cushion  Steam.  Fig.  1S9  lias  been  left  incomplete,  for 
^^^Bons  which  »re  now  to  lie  considered.  It  is  convenient  to  regard  the  working 
^nuid  in  the  cyliurier  as  made  up  ot  two  masses,  —  the  "cushion  st«am,"  which 
alone  fills  the  compression  space  at  the  end  of  each  stroke,  and  i.H  constantly  present, 
and  the  "  cylinder  feed,"  which  enters  at  the  beginning  ot  each  stroke,  and  leaves 
Ix'tore  the  completion  of  the  next  succeeding  stroke.  In  testing  steam  engines  by 
weighing  the  discharged  and  condensed  steam,  the  cylinder  feed  is  alone  measured ; 
it  alone  is  chargeable  as  heat  consumption ;  but  for  an  accurate  conception  of  the 
cyclical  relations  iu  the  cylinder,  the  iufluence  of  the  cushion  sleftm  must  be  con- 
sidered. 
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In  Fig.  IQI),  let  ahale  be  the  P  V  diagram  of  the  mixture  of  cushion  steam  an]  | 
cylinder  f<wil,  iiiid  let  yk  lie  the  exjiaiisjon  line  of  the  ciisliion  steam  if  it  alone  wer 
pre»eiit.  The  total  voliinLe  pq  at  any  poiut  q  of  the  combined  paths  is  made  u 
of  the  ciiHhioLi  ateam  volume  ea  ami  the 
cylinder  feed  volume,  ohviously  equn!  ta 
oq.  If  we  wisli  to  obtain  a  dingram 
showing  tlie  beiiavior  of  tlie  cylinder 
feed  alone,  we  must  then  deduct  from 
tlie  volumes  around  ahciU  the  corre-spoiid- 
ing  voluiues  of  cuHhiou  steam.  The  point 
p  ia  then  derived  liy  making  vps^tq—vo, 
and  the  point  (  by  mating  rl  =  ni  —  rx. 
Proceeding  thus,  we  obtain  the  diagram 
ny'ldm,  repreeenting  the  behavior  of  the 
cylinder  feed.  Along  nz  the  diagratn 
coincides  with  the  OP  axis,  indieathig 
that  »t  this  stage  the  cylinder  contains     p,,,   jc^ 

454.    The  Indicator  Diagram.     Our  study  of  the  iileul  cycles  in  Chapter  Xlt  hu 

dealt  with  ^ep^e^cnt3^10n^<  on  a  single  diagram  of  changes  occurring  in  a  given  mt 
of  steani  at  the  boiler,  cylinder,  arul condenser,  the  locality  of  changes  of  oondiUoa 
being  igimred.  The  energy  diagram  alicileg  of  Pig.  187  does  not  n-presenl  th# 
behavior  of  a  definite  quantity  of  steam  working  in  a  closed  cycle.  The  pressur 
aud  vohirae  eliangea  of  a  i-an/ing  quantity  of  fluid  are  depicted.  During  PxpHtMoa^ 
along  lie,  the  [[uuntity  remains  constant ;  during  compression  along  nr,  the  quanti^, 
is  likewise  con-staut,  but  different.  Along  lab  tile  quantity  increases ;  while  alonf, 
cile  it  deciL'a.'ieB.  The  quality  or  dryness  of  thesteatu  along e»  or  be  may  be  leadilf 
determiiii-ii  by  compui-iiig  the  actual  volume  with  the  volume  of  the  same  weight 
of  dry  sti'am ;  but  uo  accurtite  information  as  to  quality  can  be  obtaiiied  along  tb* 
ailraisfiion  and  release  lines  nab  and  cile.  The  areas  under  these  lines  represent 
work  quantities,  liowever,  and  it  is  deuirable  (hat  we  di-aw  an  eulTopy  dinpun 
which  shall  represent  the  corresponding  heat  exjienditures.  Such  a  diugrmm  will 
not  give  the  thermal  history  of  any  defiuiM 
amount  of  stearn ;  it  is  a  mere  projection  ot 
the  /']'  diagram  on  different  cndrdiDBlca. 
It  tncidy  assumes  the  indic«tor  diagram  to 
represent  a  i-eversibie  cycle,  whereas  in  fad 
the  operation  of  the  steam  engine  is  neither 
cyclic  nor  reversible. 


455.  BoQlviD's  Method.    In   Fig.  107, 

iilii--le  be  any  actual  iiiiUcatnr  dingmm, 
'd  tliH  pn-Hsure  Ij-miiemturc  curve  of 
tui'Hied  steam,  iiiid  dR  the  curve  of  satu- 
tiou,  plotted  for  the  total  quantity  of 
Fm.liff.  AM  435.  -  Transfer  fromPr  steam  in  the  cylinder  durin;,  trpan^m. 
to  J^r  Diagram  (Buultlu'a  Method).         The  water  line  OS  and  the  saturation  CUTTB 
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MT  are  now  drawn  for  1  lb.  of  steam,  to  any  convenient  scale,  on  the  entropy  plane. 
To  transfer  any  point,  like  By  to  the  entropy  diagram,  we  draw  BD^  DK,  EH,  KT^ 
BA,  AT,  HT,  BG,  and  GF  as  in  Art.  378.  Then  F  is  the  required  point  on  the 
temperature  entropy  diagram.  By  transferring  other  points  in  the  same  way,  we 
obtain  the  area  NVFU,  The  expansion  line  thus  traced  correctly  represents  the 
actual  history  of  a  definite  quantity  of  fluid ;  other  parts  of  the  diagram  are  imaginary. 
It  is  not  safe  to  make  deductions  as  to  the  condition  of  the  substance  from  the  NT 
diagram,  excepting  along  the  expansion  curve.  For  example,  the  diagram  apparently 
indicates  that  the  drjrness  is  decreasing  along  the  exhaust  line  SU;  although  we  have 
seen  (Art.  448)  that  at  this  stage  the  dryness  is  usually  increasing  (17). 

456.  Application  in  Practice.  In  order  to  thus  plot  the  entropy  diagram,  it  is 
necessary  to  have  an  average  indicator  card  from  the  engine,  and  to  know  the 
quantity  of  steam  in  the  cylinder.  This  last  is  determined  by  weighing  the  dis- 
charged condensed  steam  during  a  definite  number  of  strokes  and  adding  the 
quantity  of  clearance  steam,  assuming  this  to  be  just  dry  at  the  beginning  of  com- 
pression, an  assumption  fairly  well  substantiated  by  experiment. 

457rt.  Reeve's  Method.  By  a  procedure  similar  to  that  described  in  Art.  453, 
an  indicator  diagram  is  derived  from  that  originally  given,  representing  the  behav- 
ior of  the  cylinder  feed  alone,  on  the  assumption  that  the  clearance  steam  works 
adiabatically  through  the  point  e.  Fig.  196.  This  often  gives  an  entropy  diagram 
in  which  the  compression  path  passes  to  the  left  of  the  water  line,  on  account  of 
the  fact  that  the  actual  path  of  the  cushion  steam  is  not  adiabatic,  but  is  occa.sion- 
ally  less  "  steep." 

The  Reeve  diagram  accurately  depicts  the  process  between  the  points  of  cut- 
off and  release  and  those  of  compression  and  admission  with  reference  to  the  cylinder 
feed  only. 

457^.  Preferred  Method.  The  most  satisfactory  method  is  to  make 
no  attempt  to  represent  action  between  the  points  of  admission  and 
cut-off  and  of  release  and  compression.  During  these  two  portions 
of  the  cycle  we  know  neither  the  weight  nor  the  dryness  of  steam 
present  at  any  point.  The  method  of  Art.  455  should  be  used  for  the 
expansion  curve  alone.  For  compression,  a  new  curve  corresponding 
with  RQ,  Fig.  197,  should  be  drawn,  representing  the  pv  relation  for 
the  weight  of  clearance  steam  alone.  Points  along  the  compression 
curve  may  then  be  transferred  to  the  upper  right-hand  quadrant  by 
the  same  process  as  that  described  in  Art.  455.  The- TN  diagram 
then  shows  the  expansion  and  compression  curves,  both  correctly 
located  with  reference  to  the  water  line  OS  and  the  dry  steam  curve 
TM,  for  the  respective  weights  of  steam;  and  the  heat  transfers  and 
dryness  changes  during  the  operations  of  expansion  and  compression 
are  perfectly  illustrated. 

458.  Specimen  Diagrams.  Figure  199  shows  the  gain  by  high  initial  pressure 
and  reduced  back  pressure.  The  augmented  work  areas  befc,  cfho,  are  gained  at  high 
efficiency;  adji  and  adlk  cost  nothing.     The  operation  of  an  engine  at  back  pressure, 
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t  to  permit  of  using  the  e;chiiUHt  sleam  fur  heating  purposes,  results  in  such  loatws  su—m 
I'adji,  adlk.  Similar  Rains  luiti  losses  may  be  shown  for  non-expansive  c.vrlea.  Fiitur»~ 
T  200  shows  four  interesting  diagram  a  plotted  from  actual  indicator  cunls  from  asmali- 


199.     Art.  fiM.  — Iriiltnl   PresHuro   and 
Back  Pressui'e. 

[  engine  operated  at  constant  npeed,  initial  preasurc,  load,  and  ratio  of  expuisioii 
1  (18).  Dingranis  .-1  and  C  wt^e  oblaincd  with  saturated  nteani,  B  and  D  with  supe:^ 
f  heated  Bleam.  In  A  and  B  the  cylinder  was  unjaeketed;  in  C  and  D  il  was  jacketed. 
L  The  beneficial  influence  of  the  jai'keta  is  clearly  shown,  but  not  the  expc-ndiliire  of 
'  icat  in  the  jacket.  The  steam  consumption  in  the  four  cases  woa  45.6,  28.4.  27.2.1 
and  20.9  lb.  per  Ihp-hr.,  respectively. 

Mt'-LTipi.E  Expansion 

459.  Desirability  of  Complete  Brpanslon.     It  jk  proiKiBed  to  show  that  a  large 
ratio  of  expansion  Is  from  every  staiid|)oiiit  desirable,  excepting  as  it  is  offst^t  by 
increased  cylinder  condensation;  !tn<l  to  suggest  multiple  ex[>ausion  ns  a  luetliod 
I  for  attaining  high  efliciency  by  making  such  large  ratio  pmctically  possible. 

Front  Art.  446,  it  isobvious  that  the  maximum  work  obtaiiiablf  from  acyllnder  is 

I  ft  function  solely  of  the  initial  pressure,  the  back  pressure,  and  the  ratio  of  expnn- 

.     In  a,  non -con  duo  ting  cylinder,  maximum  eliicieiicy  would  be  realized  whru 

I  the  ratio  of  expansion  became  a  maximnin  between  tile  pressure  lituits.      WilAoia 

I   expanfion,  increane  «f  iin'tiul  prexaare  veri/  tllghllg,  if 

all,   iiwreaie*  the  efficiency.      Thus,  in  Fig.   201, 

i  cyclic  work  areas  abed,  aefg.  ahij,  would  all  lie 

equal  if  the  line  XY  followed  the  law  pi-  =  PV. 

As   the   actual   law   (locus   of   points   representing 

Bteam  dry  at  cut-off)  is  approximately, 

,,\i.pvn, 

the  work  areas  increase  slightly  as  the  pressure  in- 
see;     but   the   necessary   heat   absorption   also 
\  iocreasM,  and  there  is  no  net  gain.     The  Ihermody' 
mU  aiti'anlage  qf  high  initial  jiratmire  in  rralited  only 
r.H  the  ratio  <4  txpantion  is  large. 
By  condensing  the  steam  as  it  flows  fnim  the  engine,  its  pnwwure  may  be  re- 
duced from  that  of  the  atniospliere  lo  an  a1umlut«  preraure  possibly  l.i  lb.  lower. 
The  cyclic  work  area  is  thiis  increased ;  and  since  the  reduction  of  pressure  ia  sc- 
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•anied  by  a  reduction  in  temperature,  the  potential  efficiency  is  increased, 
e  202  shows,  however,  that  the  percentage  gain  in  efficiency  is  small  toilh  no 
sion,  increasing  as  the  expansion  ratio  increases.  Wide  ratios  of  expansion  are 
all  of  these  standpoints  essential  to  efSlciency. 

We  have  found,  however,  that  wide  ratios  of 

.  expansion  are  associated  with  such  excessive  losses 

from  condensation  that  a  compromise  is  necessary, 

\  and  that  in  practice  the  best  efficiency  is  secured 

\  with  a  rather  limited  ratio.    The  practical  attaiii- 

[    >v  ment  of  large  expansive  ratios  without  correspond- 

I       j^ — ^  ing  losses  by  condensation  is  possible  by  multiple 

^^^^^^^^^  expansion.     By  allowing  the  steam   to  pass  suc- 

y    cessively  through  two  or  more  cylinders,  a  total 

02.    Art.  4.y.i.  —  Gain  due    expansion  of  15  to  33  may  be  secured,  with  condensa- 
te Vacuum.  tion  losses  such  as  are  due  to  much  lower  ratios. 

60.  Condensation  Losses  in  Compound  Cylinders.  The  range  of  pres- 
,  and  consequently  of  temperatures,  in  any  one  cylinder,  is  reduced 
impounding.  It  may  appear  that  the  sum  of  the  losses  in  the  two 
ders  would  be  equal  to  the  loss  in  a  single  simple  cylinder.  Three 
derations  may  serve  to  show  why  this  is  not  the  case ; 

z)  Steam  re^vaporated  during  the  exhaust  stroke  is  rendered  avail- 
for  doing  work  in  the   succeeding  cylinder,  whereas  in  a  simple 
le  it  merely  causes  a  resistance  to  the  piston; 

b)  Initial  condensation  is  decreased  because  of  the  decreased  fluctua- 
in  wall  temperature; 

;)  The  range  of  temperature  in  each  cylinder  is  half  what  it  is  in  the 
le  cylinder,  but  the  whole  wall  surface  is  not  doubled. 

61.  Classification.  Engines  are  called  simple,  compound,  triple,  or  quadruple, 
iing  to  the  number  of  successive  expansive  stages,  ranging  from  one  to  four. 
Itiple-expansion  engine  may  have  any  number  of  cylinders;  a  triple  expau- 
ingine  may,  for  example,  have  five  cylinders,  a  single  high-pressure  cylinder 
irging  its  steam  to  two  succeeding  cylinders,  and  these  to  two  more.  In  a 
^le-expansion  engine,  the  first  is  called  high-pressure  cylinder  and  the  last 
•w-pressure  cylinder.  The  second  cylinder  in  a  triple  engine  is  called  the 
lediate;  in  a  quadruple  engine,  the  second  and  third  are  called  the  first 
lediate  and  the  second  intermediate  cylinders,  respectively.  Compound  en- 
having  the  two  cylinders  placed  end  to  end  are  described  as  tandem ;  those 
5  the  cylinders  side  by  side  are  cross-compound.  This  last  is  the  type  most 
only  used  in  high-gi*ade  stationary  plants  in  this  country.  The  engines  may 
ber  horizontal  or  vertical ;  the  latter  is  the  form  generally  used  for  triples  or 
uples,  and  in  marine  service.  Sometimes  some  of  the  cylinders  are  horizon- 
d  others  vertical,  giving  what,  in  the  two-expansion  type,  has  been  called  the 
compound.  Compounding  may  be  effected  (as  usually)  by  using  cylinders  of 
LB  diameters  and  equal  strokes :  or  of  equal  diameters  and  varying  strokes. 
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nr  of   like   dimeneionB    but    unequal    spewis    (the   cylinders  driving   independent 
(■hafis),  or  by  n  conibitiation  of  these  methods. 

462.  iDcIdenUl  Advantage.  At-'iAe.  liom  the  decreased  logs  through  cjliiiib 
Ciindeusation,  mullijiie-exiiaiision  eiiginea  have  the  following  points  of  HUperiori^ 

(1)  The  strain  consumed  in  liliing  clearance  spaces  is  less,  because  the  liid 
^ireasure  cylinder  is  Bin:illei'  than  the  cylinder  of  the  equivalent  MDiple  ecgjiic; 

(2)  Compression  in  the  high-preasure  cylinder  may  be  carried  to  as  liigh 
pressui'e  as  Is  desirable  without  begiuniug  it  so  early  as  to  greatly  reduce  the  wot 

(3)  The  low-pressnre  cylinder  need  be  built  to  mithstaud  a  fraction  only  ( 
the  boiler  pressure;  the  other  cylindera,  which  carry  higher  pressures,  are  con 
paratively  small; 

(4)  In  most  coninion  types,  the  use  of  two  or  more  cylindars  permits  of  usin 
a  greater  number  ot  less  powerful  impulses  on  die  piston  than  is  possible  with 
single  cylinder,  thus  niriking  the  rotative  speed  more  unifonu; 

(5)  Foi'  the  same  reuson.  the  mechanical  stresses  on  the  crank  pin,  shaft,  eU 
are  lessened  by  compounding. 

These  advantages,  with  that  of  superior  economy  of  steam,  have  led  to  th 
general  use  of  multiple  expansion  in  spito  of  the  higher  initial  cost  which  it  ei 
tails,  wheievor  steam  pressures  exceed  100  lb. 

463.    Woolf  Engine.    This  was  a  form  of  compound  engine  originated  by  Hon 

blower,  an  unsuccessful  competitor  of  Watt,  and  revived  by  Woolf  in  ISOO,  after 

the  expiration  of  -Watt's  principal  patent. 

Steam  passed  directly  from  tlie  high  to  tlte 

low-pressure  cylinder,    entering  the    latter 

while   being  exhausted   from    the    former. 

This  necessitated  having  the  pistons  either 

ill   phase  or  a  half  revolution  apart,  and 

there   was   no  improvement  over  any  other 

double-acting  engine  with  regard  to  uni- 
formity of  impulse  on  the  piston.     Figure 

203  represents  the  ideal  indicator  diagrams,  cg  joS.    Arts, 

AliCD  is  the  action   in  the  high-pressure 

cylinder,  the  fall  ot  pressure  along  Ci)  being  due  to  the  increase  in  volume  of 
ig  into  the  low-pressure  cylinder  and  forcing  ils  piston  out- 
ward. EFGII  shows  the  action  in  the  tow-prw- 
sure  cylinder;  steam  is  entering  oontiiiuousljr 
tliniuglmtit  the  stroke  along  EF.  By  l.ayi'ig  off 
,If/'  =  I.K,  etc.,  we  obtain  the  diagram  TABRS, 
rfpresenting  the  changes  undergone  hy  the  steam 
dnring  its  entire  action.  This  last  urea  i«  ob> 
vioiisly  ennal  to  the  snm  of  the  areas  AliCl)- 
and  KFGII.  Fignre  204,  from  F.wing  (If'l 
shows  a  |iair  of  nctnul  diagrams  from  a  Wmilf^ 
engine,  the  length  of  the  diagrams  rejiresentii 
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the  stroke  of  the  pistons  and  not  actual  steam  volumes.  The  low-pressure  dia- 
gram has  been  reversed  for  convenience.  Some  expansion  in  the  low-pressure 
cylinder  occurs  after  the  closing  of  the  high-pressure  exhaust  valve  at  a.  Some 
loss  of  pressure  by  wiredrawing  in  the  passages  between  the  two  cylinders  is  clearly 
indicated. 

464flf.  Receiver  Engine^  In  this  more  modem  form  the  steam  passes 
from  the  high-precsurc  cylinder  to  a  closed  chamber  called  the  receiver^ 
and  thence  to  the  low-pressure  cylinder.  The  receiver  is  usually  an 
independent  vessel  connected  by  pipes  with  the  cylinders;  in  some 
eases,  the  intervening  steam  pipe  alone  is  of  sufficient  capacity  to 
constitute  a  receiver.  Receiver  engines  may  have  the  pistons  coin- 
cident in  phase,  as  in  tandem  engines,  or  opposite,  as  in  opposed  bearn 
engines,  or  the  cranks  may  be  at  an  angle  of  90°,  as  in  the  ordinary 
cross-compound.  In  all  cases  the  receiver  engine  has  the  characteristic 
advantage  ov^er  the  Woolf  type  that  the  low-pressure  cylinder  need  not 
receive  steam  during  the  whole  of  the  working  stroke,  but  may  have  a 
definite  point  of  cut-ofT,  and  work  in  an  expansive  cycle.  -The  dis- 
tribution of  work  between,  the  two  cylinders,  as  will  be  shown,  may 
be  adjusted  by  varying  the  point  of  cut-off  on  the  low-pressure  cylinder 
(Art.  467). 

Receiver  volumes  vary  from  J  to  IJ  times  the  high-pressure  cylinder 
volume. 

464d.  Reheating.  A  considerable  gain  in  economy  is  attained  by 
drying  or  superheating  the  steam  during  its  passage  through  the 
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Fios.  215  and  216.    Art.  4646.— Effect  of  Reheatera  and  Jackets  (25). 

receiver,  by  means  of  pipe  coils  supplied  with  high-pressure  steam  from 
the  boiler,  and  drained  by  a  trap.  The  arjrument  in  favor  of  reheating 
is  the  same  as  that  for  the  use  of  superheat  in  any  cylinder  (Art.  442). 
It  18  not  surprising,  therefore,  that  the  use  of  reheaters  is  only  profit- 

t  ablip  when  a  considerable  amount  of  intermediate  drying  is  effected. 

-  ^hesiting  was  formerly  impopular,  probably  because  of  the  difficulty 
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of  securing  a  sufficient  amount  of  superheat  with  the  limited  amount 
of  coil  surface  when  saturated  steam  was  used  in  the  receiver  coils, 
With  superheated  steam,  this  difficulty  is  obviated.  Reheating  increaaeft' 
the  capacity  as  well  aa  the  economy  of  the  cyUnders, 

465,  Drop.  The  fall  of  pressure  occurring  at  the  end  of  expanaii 
(erf.  Fig.  196)  is  termed  drop.  Its  thermodynamic  disadvanta^ 
and  practical  justification  have  been  pointed  out  in  .\rt3.  418,  417. 
In  a  compound  engine,  some  special  considerations  apply.  If  there  », 
no  drop  at  high-pressure  release,  the  diagram  showing  the  whole  expaO' 
sion  ie  substantially  the  same  as  that  for  a  simple  cylinder,  mth 
drop,  the  diagram  is  modified,  the  ratio  of  expansion  in  the  bigh-pressum 
cylinder  is  decreased,  and  the  ideal  output  is  less. 

The  orthodox  view  ia  that  there  should  be  no  drop  in  the  high- 
pressure  cylinder  (21).  The  cylinders  of  a  compound  engine  worfc 
with  less  fluctuation  of  temperature  than  that  of  a  simple  engine,  and 
may  therefore  be  permitted  to  use  higher  ratios  of  expansion  (i.e., 
less  drop)  than  does  the  latter.  In  the  design  method  to  follow,  diroea* 
sions  will  be  determined  as  for  no  drop.  Changes  of  load  from  norma] 
may  introduce  varying  amounts  of  drop  in  operation. 

466.  Combintdon  of  Actual  DiagrasiE:  Diagram  Factor.    Figure  210  shows  tha 

high'  and  low-presBure  diagrams  rraiii  a  small  compound^engine.     These  are  i 


'0^ 


Bhown  in  Fig.  211.  in  which  the  lengths  of  the  diagrams  are  proportioned  as  a: 
the  cylinder  voluntea,  thf  prposure  acalee  are  made  equfil,  and  the  proper  amouDt-i 
of  setting  off  for  clwirance  (distances  a  and  b)  are  regarded.     The  cylinder  fe« 
per  single  stroke  was  0.0498  lb.,  the  cushion  ateara  in  the  high-prcsaure  cylindw 
0,0074  lb.,  and  that  in  the  other  cylinder  0.0022  lb.     No  mi 
is  possible;  the  line  m  is  drawn  for  0,0572  !b.  of  sl^^m,  and  55  tor  0.0520  lb. 
in  Art,  453,  we  may  obtain  equivalent  diagrams  with  the  cushion  Bteam  elir 
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In  Fig.  212,  the  single  curve  SS  then  represents  saturation  for  0.0498  lb.  of  steam. 
The  areas  of  the  diagrams  are  unaltered,  and  correctly  measure  the  work  done; 
they  may  be  transferred  to  the  entropy  plane  as 
in  Art.  455.  The  moisture  present  at  any  point 
during  expansion  is  still  represented  by  the  dis- 
tance cd,corresponding  with  the  distance  similarly 
marked  in  Fig.  211.  The  ratio  of  the  area  of  the 
combined  actual  diagrams  to  that  of  the  Ran- 
kine  cycle  through  the  same  extreme  limits  of 
pressure  and  with  the  same  ratio  of  expansion 
is  the  diagram  factory  the  value  of  which  may 
range  up  to  0.95,  being  higher  than  in  simple 
engines  (Art.  459). 

467.  Combined  Diagrams.   Figure  205  shows    Fig.  212.    Art.    466.  —  Combined 
the  ideal  diagrams  from  a  tandem  receiver  engine.         Diagrams  for  Cylinder  Feed. 
Along  CDf  as  along  CD  in  Fig.  203,  expansion 

into  the  low-pressure  cylinder  is  taking  i)lace.  The  corresponding  line  on  the  low- 
pressure  diagram  is  EF.  At  F  the  supply  of  steam  is  cut  off  from  the  low-pressure 
cylinder,  after   which  hyperbolic  expansion  occurs  along  FS.    Meanwhile,  the 


Fig.  205.    Arts.  467.  475.— Elimination  of  Drop,       Fio.  214.  Art.  468.— Effect  of  Low- 
Tandem  Receiver  Engine.  pressure  Cut-off. 


exhaust  from  the  high-pressure  cylinder  is  discharged  to  the  receiver;  and  since  a 
constant  quantity  of  steam  must  now  be  contained  in  the  decreasing  space  between 
the  piston  and  the  cyUnder  and  receiver  walls,  some  compression  occurs,  giving 
the  line  DE.  The  pressure  of  the  receiver  steam  remains  equal  to  that  at  E 
after  the  high-pressure  exhaust  valve  closes  (at  E)  and  while  the  high-pressure 
cylinder  continues  the  cycle  along  EABC.  If  the  pressure  at  C  exceeds  that  at 
Ef  then  there  will  be  some  drop.  As  drawn,  the  diagram  shows  none.  If  cut-off 
In  the  low-pressure  cyhnder  occurred  later  in  the  stroke,  the  line  DE  would  be 
towered,  Pc  would  exceed  Ps,  and  drop  would  be  shown. 

An  incidental  advantage  of  the  receiver  engine  is  here  evident.    The  intro- 
duction of  cut-off  in  the  low-pressure  cylinder  raises  the  lower  liixd^.  oi  \j&\£c^Tbr 
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tore  in  the  high-presBure  cylinder  troni  D  in  Fig.  203  to  ZJ  in  Fig.  205.    This  reduced 
ranRp  ot  temperature  decreases  cylinder  eondenafttion. 

468.  Goveniing  Compound  Engines.  Fie;.  214  show's  that  delayed 
cut-off  on  tin.'  )iigh-[)rt'ssurc  rylindcr  greatly  incresiscs  the  output  of 
the  low-pressure  cylinder  while  (the  receiver  preasiire  being  raised) 
scarcely  affceting  its  own  output. 

In  Fig.  206,  is  ahowTi  the  result  of  varying  low-pressure  cut-off  in 
a  tandem  receiver  engine  with  drop,  the  low-pressure  cicarance  l>eing 
exaggerated  for  clearness. 
The  high-pressure  diagram 
is  fabcde,  the  low-pressure  Is 
ghjkl,  P/^pt^Pi  and  p,  =  pn- 
Low-pressure  cut-off  occurs  at 
h  (point  e  in  the  high-pressure 
diagram).  If  this  event  occur 
earlier,  the  corresponding 
point  on  the  high -pressure 
diagram  is  made  (say)  n,  and 
compression  then  raises  the 
receiver  pressure  to  o  instead 
of  /.  The  result  is  that  the 
drop  decreases  to  cp  instead  of  cd  (Pf^Po)-  The  admission  pressure 
of  the  low-pressure  cylinder  thus  becomes  p,=p,=p„  instead  of  p,, 
and  the  gain  qTtig  due  to  such  increased  pressure  more  than  offsets  the 
loss  vihj  due  to  the  fact  that  low-pres.'jure  cut-off  now  occurs  at  pm  — 
p„.     The  same  results  will  be  found  with  crosa-compound  engines. 

The  total  output  of  the  engine  is  very  little  affected  hy  changes 
in  low-pressure  cut-off:  but  (contrary  to  the  result  in  simple  cylititlers) 
the  output  of  the  low-pressure  cylinder  varies  directly  as  its  ratio 
of  expansion.  With  delayed  cut-off,  the  low-pressure  cyhnder  performs 
a  decreased  proportion  of  the  total  work. 

When  the  load  changes  in  a  compound  engine  which  has  a  fixed 
point  of  low-pressure  cut-off,  equality  of  work  distribution  becomes 
impi^sible.  The  output  of  the  engine  should  Ik-  varied  by  varying 
the  point  of  higii-prcssure  cut-off.  Ef|ual  distribution  of  the  work 
should  then  be  accomplished  by  van'ation  of  low-pressure  cut-off. 
The  two  points  of  cut-off  will  bo  changed  in  the  savie  direction  as  the 
load  changes.  At  other  than  normal  load,  there  will  then  be  some 
drop.  The  aim  in  design  w-tii  be,  ojier  fix\ng  upon  a  suitable  receiver 
pressure,  to  select  a  normal  corresponding  point  of  low-jtressure  cut-off  al 
which,  with  the  given  receiver  volume  and  cylinder  ratio,  drop  will  be 
eliminated.     (Arts.  475-178), 
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Design  of  Compound  Engines 

469.  Preliminary  Diagram.  We  first  consider  the  action  as  repre- 
sented in  Fig.  205,  which  shows  the  combined  ideal  diagrams  without 
clearance  or  compression,  and  with 
hyperbolic  expansion.  Losses  or 
gains  between  the  cylinders  are 
ignored.  The  following  notation  is 
adopted: 

P=im'tial  absolute  pressure,  lb. 

per  sq.  in.,  along  ab;  P,q    205.    Arts.  469,  470,  473.— Pre- 

Po=  receiver  absolute  pressure,  lb.       liminary  Compound  Engine  Diagram. 

per  sq.  in.,  along  dc; 
p=  back  pressure,  absolute,  lb.  per  sq.  in.,  along  gf; 
PmA^mean  eflFective  pressure,  lb.  per  sq.  in.,  high-pressure  cylinder; 
p„rf=mean  eflFective  pressure,  lb.  per  sq.  in.,  low-pressure  cylinder; 

—  =i?ii=  ratio  of  expansion,  high-pressure  cylinder; 

V 

—  =i?j  =  ratio  of  expansion,  low-pressure  cylinder; 

V 

—  =/2  =  whole  ratio  of  expansion; 


99 


V 

-j-  =C  =  ratio  of  cylinder  volumes,  or  "  cylinder  ratio. 

The  following  relations  are  useful: 

R^RkRi-CRh)    C^Rr,    p^=^log.^;   Po=~; 

p 

P«i=;g(l  +  log.C)-7>. 

470.  Bases  for  Design.  The  values  of  P,  p  and  R  being  given, 
whatever  fixes  the  pressure  or  volume  at  c  determines  the  proportions 
of  the  engine.     We  may  assume  either  * 

(a)  the  receiver  pressure,  po] 
(6)  the  cylinder  ratio,  C=— ; 

(c)  equal  division  of  the  temperature  ranges;  that  is, 

T,-Tc  =  Tc-Tr,    or    Tc^T^^, 

*  Some  designerB  of  marine  engines  aim  at  equalization  of  maximum  pressures  on 
the  cranks.    This  requires  careful  consideration  of  clearance  and  compression. 
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and  Po    is  the    pressure    corresponding  with  the  temperature 
Tc]  or, 
(d)  equal  division  of  the  work;  that  is,  abcd=dcefg,  attained  when 

Rp 


log.C  =  Aog.ff+^-l)-=-2. 


u p        h 


Any  one  of  these  four  assumptions  may  be  made,  but  not  more  than 
one.  Having  made  one,  the  pressures  and  volumes  at  6,  r,  e  and  / 
are  all  fixed. 

471.  Diagrams  with  Clearance.    We  now  employ  Fig.  213,  in  which 
clearance  is  allowed  for.    The  expansion  curve  is  still  assumed  to  be 
p  a  continuous   hyperbola,  and   inter- 

cylinder  losses  arc  ignored.     (These 
last  need  not  be  important.) 

If  dh  is  the  high-pressure  clearance 
{-hd-i-dc,  Fig.  213),  the  apparent  ratio  of 
expansion  in  the  high-pressure  cylinder  is 

ab     1  —dhRh  ' 

Similarly,  the  apparent  ratio  of  expansion 
in  the  low-pressure  cylinder  is 

Ri-dtRi 
1-diRr 

where  di=—   is  the  low-pressure  clearance.     Engines  are  usually  designed   by 

specifying  the  whole  apparent  ratio  of  expansion,  {dD-\-gf)-T-ab.  In  terms  of  the 
real  ratios,  this  is 

R{\-\-dn)-Rt4h 


Fio.  213.      Arts.  471-473.  —  Design 
Diagram,  Compound  Engine. 


Ri'  = 


R'=- 


l+dn—Rhdh 


The  mean  effective  pressures  in  the  cylinders  are  now 

P      P 

Pmi  =  ^-^f^{l  +  di)  log,  Ri-p, 


and 


Ri=C  only  when  dn  =  di. 


The  moan  eff(H'tivc  pressures  reached  in  practice  will  differ  from 
these  by  some  small  amount,  the  ratio  of  probable  actual  to  com- 
puted pressure  being  described  as  the  diagram  factor.     Generally  speak- 
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ing,  the  diagram  factor  to  be  used  for  the  cylinder  of  a  multiple  expan- 
sion engine  of  n  expansion  stages  and  R  ratio  of  expansion  is  the  same 
as  that  for  a  simple  engine  of  expansion  ratio  R,  when 

R,  =  <yR. 

472.  Size  and  Horse  Power.  In  general,  diagram  factors,  piston 
speeds  and  strokes  are  vke  same  for  all  the  cylinders  of  the  engine. 
Then  following  Art.  44G, 

,         2fLN   ...        ,, 

where /= diagram  factor  and  Aft  and.jlj  are  the  areas  of  high  and  low- 
pressure  cylinders  respectively,  in  sq.  in.  Letting  C  denote  the  cylinder 
ratio. 


^P- ^"33000"  {'C^'^'^r 


in  which  ^  describes  what  is  called  the  "  high-pressure  mean-eflFective 
pressure  referred  to  the  low-pressure  cylinder." 

473.  Division  of  Work:  Equivalent  Simple  Engine.  The  work 
will  be  divided  between  the  cylinders  in  the  same  ratio  as  the  two  areas 
abcdy  Dcefg,  Fig.  213;  or  in  the  ratio, 

When  the  assumption  of  equal  output  is  made  (Art.  469),  the  mean 
effective  pressures  must  be  inversely  as  the  cylinder  areas. 

The  power  of  the  compound  engine  is  very  nearly  the  same  as  that 
which  would  be  obtained  from  a  simple  cylinder  of  the  same  size  as 
the  low-pressure  cylinder  of  the  compound,  ^v^th  a  ratio  of  expansion 
equal  to  the  whole  ratio  of  expansion  of  the  compound.  This  would 
be  exactly  true  if  the  diagram  factor  were  the  same  for  the  simple  as  for 
the  compound  and  if  the  no-cloarance  diagram.  Fig.  213,  were  used  for 
finding  j)^.  An  approximate  expression  for  the  area  of  the  low- 
pressure  cylinder  of  a  compound  is  then 


.         2fLNAi\Pa^\ogeR)        \ 
P'""  33000    I  R  ^)' 
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474.  Cylinder   Ratio.      Ratio   of  Expansion.     Non-condensing 

poundenginesuaually  have  a  cylinder  ratio  C =3  to  4.  Withconderts/of 
engines,  the  ratio  is  4  or  5,  increasing  with  the  boiler  pressure,  h 
triple  engines,  the  ratios  an?  from  1  :  2.0  :  2,0  up  to  1  :  2.5  :  2.5  in  sta- 
tionary practice.  With  quadruple  expansion  the  ratios  are  suews- 
aively  from  2.0  to  2.5  :  1. 

Tests  by  Rockwood  (22)  of  a  triple  engine  in  which  the  intcrmediaie 
cylinder  was  cut  out,  permitting  of  runm'n^he  high-  and  low-preffiure 
cylinders  as  a  compound  with  the  high  cylinder  ratio  of  5.7  to  1,  give 
the  surprising  result  that  with  the  same  initial  pressure  and  expanavB 
ratio,  the  compound  was  more  economical  than  the  triple.  ThiswM 
a  small  engine,  with  large  drop.  The  pointing  out  of  the  fact  that  ibo 
conditions  were  unduly  favorable  to  the  compound  as  compared  wlh 
the  triple  did  not  explain  the  excellent  economy  of  the  former  as  com- 
pared with  all  engines  of  its  class.  Somewhat  later,  exc-cptionally 
gootl  results  were  obtained  by  Barms  (23)  with  a  compound  engiM 
having  the  extraordinary  cylinder  ratio  of  7.2  ;  I.O.  Thurston,  mcwi- 
white,  experimented  in  the  same  manner  as  Rockwood,  determining, 
in  addition,  the  economy  of  the  high-pressure  and  intermediate  cyUmlfrs 
when  run  together  as  a  compound.  There  were  thus  two  compounds 
of  ratios  3.1  :  1  and  7.13  :  1  and  a  triple  of  ratio  1  :  3.1  :  2,3,  available 
for  test.  The  results  showed  the  7.1  compound  to  be  much  better  limn 
the  3.1,  but  less  economical  than  the  triple  (24).  As  the  ratio  of  expu- 
aion  decreased,  the  economy  of  the  intermediate  compound  closely 
approached  that  of  the  triple;  and  at  a  very  low  ratio  it  would  probaU? 
have  equaled  it.  It  is  a  question  whether  the  high  economy  of  thf* 
"  intermediate  compounds  "  has  not  been  due  primarily  to  the  titfl 
ratio  of  expansion  which  accompam'cd  the  liigh  cyUnder  ratio.  The 
best  performances  have  been  reached  by  compounds  and  triples  slilw 
at  ratios  of  expansion  not  far  from  30.  Ordinary  compound  enpnc* 
probably  have  the  high-pressure  cylinders  too  large  for  best  economy- 
This  ia  due  to  the  aim  toward  overload  capacity.  .\a  in  a  simp'* 
engine,  the  less  the  total  ratio  of  expansion,  the  greater  is  the  outputi 
but  in  a  compound,  the  lowest  ratio  of  expansion  cannot  be  less  th^ 
the  cylinder  ratio. 

Values  of  H  for  multiple  expansion  engines  range  normally  tKm 
12  to  36,  usually  increasing  with  the  number  of  expansive  slap*- 
Superheat,  adequate  reheating  or  jacketing  justify  the  higher  values 
The  use  of  ."ompound  (two-stage)  engines  is  common  prucUce  e\'cry' 
where.  For  stationary  service,  since  the  development  of  the  turtwiie 
the  triple,  even,  is  an  almost  e.vtinct  type.  The  extra  mechauc* 
losses  necessitated  by  the  triple  arrangement  often  offset  the  alightl] 
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greater  efficiency.  The  gain  by  the  compound  over  the  simple  is  so 
great  (where  condensing  operation  is  possible)  that  excepting  under 
peculiarly  adverse  conditions  of  fuel  cost  or  load  factor  the  compound 
must  be  regarded  as  the  standard  form  of  the  reciprocating  steam 
engine  using  saturated  steam. 

475.  Detenninatioii  of  Low-pressure  Cut-off.  Tandem  Compound.  In  Fig. 
205,  let  ABCD  be  a  portion  of  the  indicator  diagram  of  the  high-pressure  cylinder 
of  a  tandem  receiver  engine,  release  occurring  at  C.  At  this  point,  the  whole  volume 
of  steam  consists  of  that  in  the  receiver  plus  that  in  the  high-pressiu%  cylinder. 
Let  the  receiver  volume  be  represented  by  the  distance  CX.  Then  the  hyperbolic 
curve  X  F  may  represent  the  expansion  of  the  steam  between  the  states  C  and  Z), 
and  by  deducting  the  constant  volumes  CX,  LR,  MZ,  etc.,  we  obtain  the  curve 
CG,  representing  the  expansion  of  the  steam  in  the  two  cylinders.  For  no  drop, 
the  pressure  at  the  end  of  compression  into  the  receiver  must  be  equal  to  that  at  C 
We  thus  find  the  point  E,  and  draw  EF,  the  admission  line  of  the  low-pressure 
cyUnder,  such  that  ac-\-ad—aey  etc.;  the  abscissa  of  cC  being  to  that  of  Ed  in  the 
same  ratio  as  the  respective  cylinder  volumes.  By  plotting  ED  we  find  the  point 
D  at  its  intersection  with  CD.  A  horizontal  projection  from  D  to  EF  gives  F,  The 
point  F  is  then  the  required  point  of  cut-oflf  in  the  low-pressure  cylinder.  The 
diagram  EFSHI  ma}'  be  completed,  the  curve  FS  being  hyperboUc. 

476.  Analytical  Method.  Let  the  volume  of  high-pressure  cylinder  be  taken 
as  unity,  that  of  the  receiver  as  i?,  that  of  the  low-pressure  cylinder  as  L.  Let  x 
be  the  fraction  of  its  stroke  completed  by  the  low-pressure  piston  at  cut-oflf,  and  let 
p  be  the  pressure  at  release  from  the  high-pressure  cylinder,  equal  to  the  receiver 
pressure  at  the  moment  of  admission  to  the  low-pressure  cylinder.  The  volume 
of  steam  at  this  moment  is  l+R;  at  low-pressure  cut-oflf,  it  is  1+R+xL—x.  If 
expansion  follows  the  law  pv  —  PV,  and  P  be  the  pressure  in  the  low-pressure  cylinder 
at  cut-oflf, 

p(l+fi)=P(l+J?+xL-x),    or    P^VY^^^ff^z:^' 

The  remaining  quantity  of  steam  in  the  high-pressure  cylinder  and  receiver  has 
the  volume  1  — x-f /?,  which,  at  the  end  of  the  stroke,  will  have  been  reduced  to  R, 
If  the  pressure  at  the  end  of  the  stroke  is  to  be  p,  then 

pfi=P(l-x+fi)    or    P'Y^:^- 
Combining  the  two  values  of  P,  we  fmd 

^"RL^-V 

477.  Cross-compound:  Cranks  at  Right  Angles.  In  Fig.  208,  let  dbC  be  a 
portion  of  the  high-pressure  diagram,  release  occurring  at  C.  Communication  is 
now  opened  with  the  receiver.  Let  the  receiver  volume  be  laid  oflf  as  Cd,  and  let 
(f e  be  a  hyperbolic  curve.  Then  the  curve  Cf,  the  volume  of  which  at  any  pressure 
is  Cd  less  than  that  of  de,  represents  the  path  in  the  high-pressure  cylinder.  This 
continues  until  admission  to  the  low-pressure  cylinder  occurs  at  g.  The  whole 
volume  of  steam  is  now  made  up  of  that  in  the  two  cylinders  and  the  receiver;  the 
voliunea  in  the  cylinders  alone  are  measurable  out  to/C  In  Fig.  209,  lay  oflf  hi^lC 
and  jk  so  that  jk-h  hi  is  equal  to  the  ratio  of  volumes  of  low-  and  high-pressure 
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oylindn-.  At  the  point  C  ot  the  cycle,  the  hiRh-presHure  crank  is  at  i.  the  low-pneft- 
Bure  crank  90°  ahead  or  behind  it.  When  the  high-pressure  crank  has  moved  from 
Ha  m,  the  volume  of  Bl«am  in  that  cyhnder  is  represented  by  the  distance  An,  the 
low-pressure  crank  is  at  o  and  (he  volume  of  steam  in  the  low-pressure  cylinder  is 
reprtflenled  by  pt.  Lay  off  qr.  in  Fig.  208,  distant  from  the  zero  volume  line  at 
by  an  amount  equal  to  Im+pk.  Draw  the  horizontal  hne  Is.  Lay  olT  tu=hn  and 
tB  =  us—pk.  Then  u  is  ft  jwint  on  the  high-p reinsure  exhaust  line  and  v  is  a  point 
on  the  low-pressure  admission  line.  Similarly,  we  Bnd  correspondinR  crank  poxi- 
tions  ID  and  i,  and  steam  volumes  kt/  and  zk,  and  lay  off  AB  =  hy+!k,  Ae  —  hu, 
AD=cB=ik,  determining  the  pointe  e  and  D.    The  high-pressure  exhaust  line 
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gue  is  continued  to  some  distance  below  [.  For  no  drop,  this  line  must  terminate 
at  some  point  such  that  compression  of  steam  in  the  high-pressure  cylinder  and 
receiver  will  make  I  the  final  state.  At  I  the  high-pressure  cyhnder  steam  polunie 
is  lero;  all  the  steam  is  in  the  receiver.  Let  IE  represent  the  receiver  votuntc 
and  EF  a  hyperbolic  curve.  Draw  10  go  that  at  any  pressure  its  volumes  are  equal 
to  those  along  EF,  minus  the  constant  volume  IE.  Then  H,  where  IG  interaecls 
guc,  is  the  stiit«  of  the  high-pressure  cycle  at  which  cut-off  occurs  in  the  low-precBure 
cylinder.  By  drawing  a  horizontal  hne  through  H  U)  intersect  iiD,  we  find  the  point 
of  cut-off  J  on  the  low-pressure  diagram.  If  we  regard  the  initial  stal«  as  that  when 
admission   occurs  to  the   low-pressure   cylinder,   then  at  low-pressure  cut-off  the 

high-preasure  cylinder  will  have  completed  the  — ;-  proportion  of  a  full  atroke. 

Modifications  of  this  construction  permit  of  del^rmiiiiog  the  tioint  of  cut-off  for  no 
drop  in  triple  or  quadruple  engines  with  any  phase  relation  of  the  cranks. 

478.  Cross-compound  Engine:  AnalTtica]  Method.  In  this  case,  the  fraction 
of  the  st-Toke  completed  at  low-preasurc  ciil-ofF  Ls  different  for  the  two  cylinders 
Let  X  be  the  proportion  ot  the  hinh-pressure  stroke  occurring  between  admission  and 
cut-off  in  the  low-pressure  cylinder.  Proceeding  as  before,  the  volume  of  the  rtenm 
at  low-pressure  admission  is  0,5-|-fi.  nnd  that  at  low-pressure  cut-off  is  O.S  —  X  +  R 
+xL.  The  volume  ot  steam  in  (he  high-pressure  cylinder  and  the  receiver  at  the 
end  of  the  high-pressure  cxhauat  stroke  is  R',  the  volume  just  aft.er  low-prrssure 
cut-off  occurs  is  0,5— X-H ft.  The  volume  at  the  beginning  of  exhaust  from  the  high- 
preasure  cylinder  is  1  -f-R.  In  Fig.  208,  let  the  pressure  at  C  and  I  be  p;  let  that  at 
gbeP.    Then 
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p(l  +  R)=  P(0.5  +  i?)  or  P  =  p 


1-f  Jg 
0.5  +  R' 


r^t  the  pressure  at  H  be  Q:  then 

P(0.5  +  /?)  =  Q(0.5  -  X  +  /2  +  arL), 


or 


^^  KO-5 +  /?)(!  +  /?)  P(l  4-  /?) 

^     (0.5-X  +  /J  +  x£)(0.5  +  /e)      0.5-JC  +  /e  +  xL 


whence, 

X=0,6  + R^xLR.     (A)  ' 

In  Fig.  209,  we  have  the  crank 
circles  corresponding  to  the 
discussed  movements.  If  Ow 
and  Ox  are  at  right  angles, 
then  for  a  high-pressure  pis- 
ton displacement  Oy,  we  have 
the  corresponding  low-pres- 
sure displacement  kz.  If  these 
displacements  be  taken  as  at 
low-pressure  cut-off,  then 

V      Ou      J         kz 
X=  —^  and  X  =  — . 

hi  jk 

We  may  also  draw  OwP,  PQ, 

and  write  X  =  —  •     In  the 

Fio.  209.     Arts.  477.  478.— Crank  Circles  and  Piston     ^^.j^jj^^^      QpQ      q^.^     qq  ^ 

Displacements.  ^  ^     .^     ' ^ 

xz=jk .  X,  xz  -\-Oz  =0x  ,  and 

(yi:  •  Jr)'+  f*^  —  *  y^* )  =  ( T" )  '  whence  -Y  =  \/x—x\     Substituting  this  value  in 
Equation  (A),  we  find  R  (xL  —  1)=  0.5  —  Vx  —  x^  as  the  condition  of  no  drop. 

479.  Practical  Modifications.  The  combined  diagrams  obtained  from  actual 
engines  conform  only  approximately  to  those  of  Figs.  205  and  208.  The  receiver 
spaces  are  usually  so  large,  in  proportion  to  the  volume  of  the  high-pressure 
cylinder,  that  the  fluctuations  of  pressure  along  the  release  lines  are  scarcely  notice- 
able. The  fall  of  pressure  during  admission  to  the  low-pressure  cylinder  is,  how- 
ever, nearly  always  evident.  Marked  irregularities  arise  from  the  angularity  of  the 
connecting  rod  and  from  the  clearance  spaces.  The  graphical  constructions  may 
easily  be  modified  to  take  these  into  account.  In  assuming  crank  positions  and 
piston  displacements  to  correspond,  we  have  tacitly  assumed  the  rod  to  be  of 
infinite  length;  in  practice,  it  seldom  exceeds  five  or  six  times  the  length  of  the 
crank.  We  have  assumed  all  expansive  paths  to  be  hyperbohc;  an  assumption 
not  strictly  justified  for  the  conditions  considered. 

482.  Siqierheat    and    Jackets.      Since    multiple    expansion    its^^lf 
decreases  cylinder  condensation,  these  refinements  cannot  be  expected 
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to  lead  to  such  large  enonomies  as  in  simple  engines.  Adequately 
superheated  steam  has,  however,  given  excellent  results,  eliminating 
cylinder  condensation  so  perfectly  as  to  permit  of  wide  ranges  of  expan- 
sion without  loss  of  economy  and  thus  making  the  efficiency  of  ihw 
engine,  within  reasonable  limits,  almost  independent  of  its  load.  The 
best  lest  reconls  have  Iwen  obtained  from  jacketed  engines.  A  simpls 
engine  with  highly  superheated  steam  (sec  Chapter  XV}  will  be  nearl] 
as  economical  as  a  compound  with  saturated  steam. 

483.  Binary  Vapor  Engine.    Thia  was  originated  by  Du   Tremblay  in  ISS 

(lili).  TliH  ysliiiust  n«»aiii  trorii  a  cylinder  passed  tlirougli  a  vessel  contoiuiv 
coils  Giloii  wiLli  f'lliLT.  Thi;  sUmrii  Iwing  at  a  temperature  of  aJiiiosl  '250"  F 
while  tlie  111 iiiohplii-ric  lioiliiig  point  of  ether  is  04°  F.,  the  IntWr  was  ts|>id{ 
raporizeil  at  a  cooHiUerable  presaare,  and  waa  then  used  for  perfoi'iniii^  work  ii 
a  aecond  cylinder.  Aiisumiiig  the  initial  teuipemliire  of  the  ateatn  to  have  beei 
S2r  F.,  and  the  final  temperature  ol  the  ellier  100°  P.,  Ibe  ideal  efficieucy  shgill 
thus  be  increased  from 
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a  gain  of  over  200  per  cent.    The  advantage  of  the  binary  vapor  principle  aril 
from  the  low  boiling  point  of  the  binary  fluid.     This  permits  of  a  lower  tempt>i 
ture  of  be-at  eniisaion  tlian  is  passible  with  water,     liicinry  engiiiea  must  lie  n 
condensing.     Since  condensing  water  is  generally  not  available  at  teinperatitnw 
below  S(l°  or  70^  P.,  the  fluid  should  be  one  which  may  be  condensed  at  these  l^in- 
peratures.     Ether  satisfiea  this  reijuireinent,  and  gives,  at  its  initial  teiti]ieratiirF 
of,  say,  250°  P.,  a  working  prpssure  not  far  from  150  lb.     On  account  of  its  high 
boiling  point,  however,  its  pressure  is  less  than  that  of  the  atniospliere  at  '*>'  F- 
and  an  air  pump  in  necessary  to  discharge  the  condensed  vapor  from  the  condelMer 
jitst  us  is  the  case  with  condensing  steam  engines.     Sulphur  dioxide  has  a  maelr 
^         lower   boiling  point,   and   may  be   used   without  an  tit 
juiMip;    but  its  pressure  at  250''  would  be  eiceaaive.  tod 
the  l>i>Kt  results  are  secured  by  allowing  tlie  Bt«ani  eylindn 
to  run  condensing  at  a  final  teniperatnre  as  low  u  pM- 
Slide;  at  104°  P.,  the  pressure  of  sulphur  dioxide  ii  otilr 
fiO..'!  111.    The  best  steam  engines  have  about  this  lowo* 
ti^mperatiire  limit;  Itie  niaximum  gain  due  to  the  uMof* 
binary  fluid  cannot  exceed  that  corresponding  to  a  twlw- 
tion  of  tliis  temperature  to  about  00°  or  70°  P.,  thi>  mti 
temperature  of  the  available  supply  of  cuoling  watOT. 

The  steani-etlier  engines  of  the  vessel  BrrM  a[«ntca 
at  435  lb,  boiler  pressure  and  7.B  lb.  back  pressnte  *t 
ether.  The  cylinders  were  of  equal  size,  and  the  MM 
effective  pressures  were  11.8  and  7.  1  Hi.  respectively.  IT* 
■  coal  consumption  wa»  hmught  down  t<i  3.H  lb.  pff 
Ihp.-hv. ;  a  less  favorahle  result  than  that  obtainable  from 
goTHt  stnikm  engines  of  thai  time.    Several  attcinptK  ban 
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been  made  to  revive  the  binary  vapor  engine  on  a  small  scale,  the  most  important 
recent  experiments  are  those  of  Josse  (27),  on  a  200-hp.  engine  using  steam 
at  160  lb.  pressure  and  200°  of  superheat,  including  four  cylinders.  The  first  three 
cylinders  constitute  an  ordinary  triple-condensing  steam  engine,  a  vacuum  of  20 
to  25  in.  of  mercury  being  maintained  in  the  low-pressure  cylinder  by  the  circula- 
tion of  sulphur  dioxide  in  the  coils  of  a  surface  condenser.  The  dioxide  then  enters 
the  fourth  cylinder  at  from  120  to  180  Ib.pressure  and  leaves  it  at  about  35  lb.  pressure. 
The  best  result  obtained  gave  a  consumption  of  167  B.  t.  u.  per  Ihp.  per  minute, 
a  result  scarcely  if  ever  equaled  by  a  high-grade  steam  engine  (Art.  550).  The  ideal 
entropy  cycle  for  this  engine  is  shown  in  Fig.  217,  the  three  steam  cyhnders  being 
treated  as  one.  The  steam  diagram  is  abcdCf  and  the  heat  delivered  to  the  sulphur 
dioxide  vaporizer  is  aerm.  This  heated  the  binary  liquid  along  hi  and  vaporized 
it  along  iff  giving  the  work  area  hifg.  The  different  liquid  lines  and  saturation  curves 
of  the  two  vapors  should  be  noted.  The  binary  vapor  principle  has  been  suggested 
as  applicable  to  gas  engines,  in  which  the  temperature  of  the  exhaust  may  exceed 
1000° F. 

Engine  Tests* 

484.  The  Indicator.  Two  special  instruments  are  of  prime  importance  in 
measuring  the  performance  of  an  engine.  The  first  of  these  is  the  indicator,  one 
of  the  secret  inventions  of  Watt  (28),  which 
shows  the  action  of  the  steam  in  the  cylinder. 
Some  conception  of  the  influence  of  this  device 
on  progress  in  economical  engine  operation  may 
be  formed  from  the  typically  bad  and  good  dia- 
grams of  Fig.  218.  The  indicator  furnishes  a 
method  for  computing  the  mean  effective  pres- 
sure and  the  horse  power  of  any  cylinder. 

Figure  219  shows  one  of  the  many  common 
forms.  Steam  is  admitted  from  the  engine  cylin- 
der through  6  to  the  lower  side  of  the  movable 
piston  8.  The  fluctuations  of  pressure  in  the 
cylinder  cause  this  piston  to  rise  or  fall  to  an  extent  determined  by  the  stiffness 
of  the  accurately  calibrated  spring  above  it.  The  piston  movements  are  trans- 
mitted through  the  rod  10  and  the  parallel  motion  linkage  shown  to  the  pencil 
23,  where  a  perfectly  vertical  movement  is  produced,  in  definite  proportion  to 
the  movement  of  the  piston  8.  By  means  of  a  cord  passing  over  the  sheaves 
37,  27,  a  to-and-fro  movement  is  conmiunicated  from  the  crosshead  of  the  engine 
to  the  drum,  24.  The  movements  of  the  drum,  under  control  of  the  spring,  31, 
are  made  just  proportional  to  those  of  the  piston ;  so  that  the  coordinates  of  the 
diagram  traced  by  the  pencil  on  the  paper  are  pressures  and  piston  movements. 

485.  Special  Types.  Various  modifications  are  made  for  special  applications. 
For  gas  engines,  smaller  pistons  are  used  on  account  of  the  high  pressures;  springs 
of  various  stiffnesses  and  pistons  of  vitrioas  areas  are  employed  to  permit  of  accu- 
rately studying  the  action  at  different  parts  of  the  cycle,  safety  stops  being  pro- 
vided in  connection  with  the  lighter  springs.  The  Mathot  instrument,  for 
example,  gives  a  continuous  record  of  the  ignition  lifies  only  of  a  series  of  suc- 

♦  See  Trans,  A,  S.  M.  E.,  XXIV,  713;  Jour,  A.  S,  M.  E.,  XXXIV,  11. 


Fig.  218.     Arts.  484,  486.  — Good 
aad  Bad  Indicator  Diagrams. 
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cesaiTB  gaa  engine  diagraniB.  "OutHitle-Hpriiig"  iridicatorB  are  a  recent  tjpe.  i 
which  the  spring  is  kept  away  frocn  tlie  liot  aU'tim.  The  Kipper  mean-prfaaurp 
indicator  (20)  is  a  device  which  shows  contiiiuondly  the  mean  effeeiie*  [inrsKure 
iu  the  cylinder.  Instruments  are  often  proviiled  with  pneumatic  or  electrical 
operating  mech&niama,  permitting  one  observer  to  tAke  exactly  simultaneotis  dia- 
pratns  from  two  or  more  cylinders.  Indicators  for  ammonia  compressors  nmsl 
have  ali  internal  parts  of  flteel;  special  forms  lire  also  constructed   for  heavy  hv- 
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dmulic  and  ordnance  pressure  measiirensents.  For  very  high  speeds,  in  which  the 
inertia  of  the  moving  parts  would  distort  the  iliagrain,  optical  indicators  ar«  n.4nl. 
These  comprise  a  small  mirror  which  is  moved  about  one  aicis  by  the  pressum  &iid 
aliout  another  by  the  piston  movement.  The  path  of  the  beam  of  lif;ht  is  ytr- 
served  by  photographiug  it.  Indicator  practice  constitutes  an  art  iu  itself;  for 
the  detailed  study  of  the  subject,  with  the  influence  of  drum  reducing  motions, 
methods  of  calibration,  adjuattiient,  piping,  etc.,  reference  should  lie  made  to  siid 
works  HB  those  of  Carpenter  (!]())  or  Low  (31).  In  general,  the  height  of  the  ilia 
gram  is  made  of  a  convenient  dimension  by  var^'ing  the  spring  to  suit  th«  ninxi 
mum  pressure;  and  accuracy  depends  ufion  a  ju.st  proportion  between  (a)  tlia 
niovements  of  the  drum  and  the  engine  piston  and  (A)  the  moremenl  of  the  iadt 
^tor  piston  and  the  fiuctuatious  iu  steam  pressure. 
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486.  Measurement  of  Mean  Effectiye  Pressure.  This  may  be  accomplished 
by  averaging  a  large  number  of  equidistant  ordinates  across  the  diagram,  or, 
mechanically,  by  the  use  of  the  plaiiimeter  (32).  In  usual  practice,  the  indicator  is 
either  piped,  with  intervening  valves,  to  both  ends  of  the  cylinder,  in  which  case  a 
pair  of  diagrams  is  obtained,  as  in  Fig.  218,  one  cycle  after  the  other,  representing 
the  action  on  each  side  of  the  piston;  or  two  diagrams  are  obtained  by  separate 
indicators.  In  order  that  the  diagrams  may  be  complete,  the  lines  ab,  representing 
the  boiler  pressure,  c</,  of  atmospheric  preasure,  and  efo(  vacuum  in  the  condenser, 
should  be  drawn,  together  with  the  line  of  zero  volume  co,  determined  by  measur- 
ing the  clearance,  and  the  hyperbolic  curve  ij\  constructed  as  in  Art.  92.  The 
saturation  curve  gh  for  the  amount  of  steam  actually  in  the  cylinder  is  sometimes 
added.  As  drawn  in  Fig.  218,  the  position  of  the  .saturation  curve  indicates  that  the 
steam  is  dry  at  cut-ofif — scarcely  the  usual  condition  of  things. 

487.  Deductions.  By  taking  a  "  full-load  "  card,  and  then  one  with  the  ex- 
ternal load  wholly  removed,  the  engine  overcoming  its  own  frictional  resistance 
onlv,  we  at  once  find  the  me- 
chanical  efficiency,  the  ratio  of 
power  exerted  at  the  shaft  to 
power  developed  in  the  cylin- 
der; it  is  the  quotient  of  the 
difference  of  the  two  diagrams 
by  the  former.  By  measur- 
ing the  pressure  and  the  vol- 
ume of  the  steam  at  release, 
and  deducting  the  steam  pres- 
ent during  compression,  we 
may  in  a  rough  way  com- 
pute the  steam  consumption 
per  Ihp.-hr.,  on  the  assumption 
that  the  steam  is  at  this  point 
dry;  and,  as  in  Art.  500,  by 
properly  estimating  the  per- 
centage of  wetness,  we  may 
closely  approximate  the  actual 
steam  consumption. 

Some  of  the  applications 
of  the  indicator  are  suggested 
by  the  diagrams  of  Fig.  220. 
In  a,  we  have  admission  oc- 
curing  too  early;  in  6,  too 
late.  Excessively  early  cut-off 
is  shown  in  c ;  late  cut-off,  with 
excessive  terminal  drop,  in  d. 
Figure  t  indicates  too  early 
release ;  the  dotted  curve 
would  give  a  larger  work  area ; 

in  /*,  release  is  late.    The  bad  effect  of  early  compression  is  indicated  in  ^ ;  late  com- 
pression gives  a  card  like  that  of  A,  usually  causing  noisiness.    Figure  i  shows  exces- 
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Fio.  220.     Art.  487.— Indicator  Diagrams   and   Valve 
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sive  throttling  during  aifmiasion ;  j  indicates  excessive  reaistiance  during  exbatut. 
which  may  be  due  to  thrattling  or  to  a  poor  vocuiud.  The  effect  of  a.  siiiji)l  supp^ 
pipe  is  Hhown  in  it,  in  wliich  the  upper  line  represents  a  diagram  taken  with  tli» 
indicator  connected  to  the  atearn  chesit.  The  slirupt  rise  of  preasum  along  JtC  if, 
due  to  the  cutting  oS  of  the  flow  of  stuain  froiu  the  steam  chest  to  the  cvUndor. 
Fi);ure  I  shows  the  form  of  card  taken  when  the  drum  is  made  to  derive 
tiori  from  the  eccentric  inatead  of  the  crosshead,  This  is  often  done  in  uitler  to 
study  more  accurately  the  conditions  near  the  end  of  the  stroke  wJien  llie 
moves  very  slowly,  while  the  eccentric  moves  more  rapidly.  Figure  m  is  t 
responding  ordinary  diagram,  and  the  two  diagrams  are  correspond ii^ly  lettered. 
Figure  n  Ib  an  excellent  card  from  au  air  compressor;  o  shows  a  card  from  an 
pump  with  excessive  port  friction,  particniarly  on  the  suction  side.  Figni 
shows  what  is  called  a  stroke  card,  the  dotted  line  representing  net  pr^aaures  oti' 
the  piston,  obtained  by  aiilitracting  the  back  pressure  as  at  ab  from  tbe  initial' 
pressure  ac.  i.e.  by  making  ilc  =  nh.  Figure  q  shows  the  effect  of  varying  tlM> 
point  of  cut^)ff ;  r,  that  of  throttling  the  sujiply.  Negative  loops  like  that  of  g 
must  lie  deducted  from  the  remainder  of  the  diagram  in  estimating  the  work  done. 

488.    Heaauremeut  of  Steam  Qnality.     The  second  special  instrument  used 

e[igine  testing  is  the  steam  calorimeter,  so  called  because  it  determines  the  peroent> 
age  of  dryness  of  sl«ain  by  a  scries  of  heat  meiuurenients.    Carpenter  (33j  cli 
ties  steam  calorimeters  as  follows : 


Cahrmeter» 

(  T  ^  f  Barrel  or  tauk 

Jet  \ 

I  fUarrus — Continuous 

Surface  |  HoadJey 
I  I  Kent 

External  —  Barrus 
Interual  —  Peabody 
Separator 
Chemical 


(tt)  Condensing 


0)  Superheating 
(c)   Direct 


489.  Barrel  or  Tank  Calorimeter.  The  steam  is  discharged  directly  ini 
insulated  tank  containing  cold  water.  Let  W,  w  be  the  weights  of  steam  and  ] 
water  respectively,  I,  (|  the  initial  and  &ual  temperatures  of  the  water,  convsiHtnd- 
ing  to  the  heat  quantities  A,  Ai;  and  let  the  steam  pressure  be  Pa,  correspoDditig n 
to  the  latent  heat  La  and  heat  of  liquid  Ao.  the  percentage  of  dryneaa  being  x^  k 
The  heal  loal  hi/  Ihf  uleaiii:  is  equal  tii  the  heal  gained  by  the  loaler :  or,  the  sl«am  uid  I 
wat«r  attaining  the  same  final  tenijicrature, 

W{^.^L„  +  ho-li,)=«,(hi~h),  whence  zo  =  ^'^"''*'  "0  -  "'^  -  "^'' . 

The  value  of  W  is  determined  by  weighing  the  water  before  and  after  the  mix- 
ture.   The  radiation  corrections  are  large,  and  any  slight  error  in  tlie  value  of  IF 
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greatly  changes  the  result;  this  form  of  calorimeter  is  therefore  seldom  used,  its 
average  error  even  under  the  best  conditions  ranging  from  2  to  4  per  cent.  Some 
improvement  is  possible  by  causing  condensation  to  become  continuous  and  tak- 
ing the  weights  and  temperatures  at  frequent  intervals,  as  in  the  '*  Injector"  or 
**  Jet  Continuous  "  calorimeter. 

490.  Surface-coDdensing  Calorimeter.  The  steam  is  in  this  case  condensed 
in  a  coil ;  it  does  not  mingle  with  the  water.  Let  the  final  tempemture  of  the 
steam  be  h,  its  heat  contents  ^2 ;  then 

W(xoLo  +  Ao  -  ho)  =  w(hi  -  h)  and  xo  =  «^^i  +  ^^h,  -  ::h  -  Whp^ 

More  accurate  measurement  of  W  is  possible  with  this  arrangement.  In  the 
Hoadley  form  (34)  a  propeller  wheel  was  used  to  agitate  the  water  about  the  coils; 
in  the  Kent  instrument,  arrangement  was  made  for  removing  the  coil  to  permit 
of  more  accurately  determining  W,  In  that  of  Barrus,  the  flow  was  continuous 
and  a  series  of  observations  could  be  made  at  short  intervals. 

491.  Superheating  Calorimeters.  The  Peabody  throttling  calorimeter 
is  shown  in  Fig.  221 ;  steam  entering  at  b  through  a  partially  closed  valve 
expands  to  a  lower  steady. pressure  in  A  and  then  flows  into  the  atmos- 
phere. Let  Z/o,  ^  a\)  be  the  condition  at  6,  and  assume  the  steam  to  be 
superheated  at  A,  its  temperature  being  T,  t  being  the 
temperature  corresponding  to  the  pressure  ]),  and  the  cor- 
responding total  heat  at  saturation  H,  Then,  the  total  heat 
at  b  equals  the  total  heat  at  A,  or 

where  k  is  the  mean  specific  heat  of  superheated  steam 
at  the  pressure  p  between  T  and  t ;  whence 


^ 


^H^k(T-t)-ho 


If  we  assume  the  pressure  in  ^  to  be  that  of  the  atmos- 
phere, //=  1150.4,  and  superheating  is  possible  only  when 
35bA)  +  K  exceeds  1150.4.  For  each  initial  pressure,  then, 
there  is  a  corresponding  minimum  value  of  a*,,  beyond 
which  measurements  are  impossible;  thus,  for  200  lb., 
Xo  =  843.2,  ^0  =  354.9,  and  x^  (minimum)  is  0.94.  Aside 
from  this  limitation,  the  throttling  calorimeter  is  exceed- 
ingly accurate  if  the  proper  calibrations,  corrections,  and  methods  of 
sampling  are  adopted.  In  the  Barrus  throttling  calorimeter,  the  valve  at 
h  is  replaced  by  a  diaphragm  through  which  a  fine  hole  is  drilled,  and  the 
range  of  a\,  values  is  increased  by  mechanically  separating  some  of  the 
moisture.  The  same  advantage  is  realized  in  the  Barrus  superheating 
calorimeter  by  initially  and  externally  heating  the  sample  of  steam.    The 


Fio.221.  Art.41U. 
—  Superheat- 
ing Calorimeter. 
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amount  of  beat  thus  used  is  applied  in  such  a  way  that  it  may  be  i 
curately  measured.     Let  it  be  ualled,  say,  Q  per  pound.     Then 


492.  Sepaiating  CalorimeterB. 

ratod  aad  Me]iiiratc>ly  weighed. 


The  water  and  Bteam  are  mechanically  otpt- 
Fig.  222,  steam  eaters,  through  8,  the  jackelwl 
chamber  shown.  The  water  is  iiilercepttd  by  the  cuj' 
14,  the  steam  reveraiag  its  direction  of  tluw  at  tliii 
point  and  entering  the  jacket  space  7,  4,  whence  It  ii 
discharged  through  the  small  orifice  8.  The  water  ac- 
cumulates in  I],  its  quantity  being  indicated  by  the 
gauge  gluHS  10.  The  quantity  of  st«am  flawing  is  de- 
t^rrrdnsd  hy  calibration  tor  each  reading  of  the  gang" 
at  9.  The  instrument  is  said  to  be  fairly  nccuntle  un- 
less the  percentage  of  moisture  is  very  ainall.  Tha 
Bteam  may  be,  of  course,  run  off,  condensed,  Md  I 
actually  weighed.  ] 

493'  Chemical  Calorimeter.    Tills  depeada  for  its 

action  on  the  faut  that  water  will  dissolve  certain  ealla 
(e.g.  wxliiim  chloride)  which  are  insoluble  in  dry 
steam. 


ili.:>    to   heat^augmentatioii 
E  H.  t.  u.  per  pound  (1  11.  t. 


494'  Electric  Colorlnuter.    The  Thomas  superbeat- 

g  ami  throttling  iimtrumenl  (3o)  consists  of  a  sraaU, 
ipsl.one  cylinder  in  which  are  embedded  coils  at 
irniaii  silver  wire,  constituting  an  electric  beaiwi 
lis  ia  inserted  in  a  brass  case  through  which  I 
current  of  steam.  The  electrical  energy  correspoat^ 
a  any  superheated  condition  being  known,  my.  1 
1.  per  minute  =  17.5U  watts),  we  have,  as  in  Art.  i9i, 


r„Z.o  +  /'„  4 


^  U  -i-  i(r  -  0.  whence  x^  -. 


,H  +  k(T-t)-K„- 


495.  Engine  Trials:  Heat  HeasuTement.  We  may  ascertaia  the  bei 
supplied  in  the  steam  engine  cycle  either  by  direct  meaitiiremeTit,  or  I 
adding  the  heal  equivalent  of  the  ertemal  tvork  done  to  the  measared  nmnHM 
of  heal  rejected.  In  the  former  caae  the  amount  of  water  fed  to  the  btiileV 
iriust  be  determined,  by  weighing,  measuring,  or  (in  approximate  work)  bf 
the  use  of  a  water  meter.  The  lieat  absorbed  per  pound  of  steam  is  a 
tained  from  ita  temperature,  quality,  and  presRure,  and  the  temperature  of 
the  water  fed  to  the  boiler.  In  the  latter  case,  the  steam  leaving  tb« 
engine  ia  condensed  and,  in  small  engines,  weighfid;  or  in  larger  engines, 
determined  by  metering  or  by  passing  it  over  a  weir.  This  latter  of  t 
two  methods  of  testing  has  the  advantage  with  small  engines  of  great«E 
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accuracy  and  of  giving  accurate  results  in  a  test  of  shorter  dnration.  Where 
the  engine  is  designed  to  operate  non-condensing,  the  steam  may  he  con- 
densed for  the  purposes  of  the  test  by  passing  it  over  coils  exposed  to 
the  atmosphere,  so  that  no  vacuum  is  produced  by  the  condensation.  If 
jackets  are  used,  the  condensed  steam  from  them  must  be  trapped  oS  and 
weighed.  This  water  would  ordinarily  boil  away  when  discharged  at 
atmospheric  pressure,  so  that  provision  must  be  made  for  first  cooling  it. 

496.  Heat  Balance.  By  measuring  both  the  heat  supplied  and  that  rejected,  as 
well  as  the  work  done,  it  is  possible  to  draw  up  a  debit  and  credit  accottnt  show- 
ing the  use  made  x)f  the  heat  and  the  unaccounted  for  losses.  These  last  are  due 
to  the  discharge  of  water  vapor  by  the  air  pump,  to  radiation,  and  to  leakage. 
The  weight  of  steam  condensed  may  easily  be  four  or  five  per  cent  less  than  that 
of  the  water  fed  to  the  boiler.  Let  //,  h,  be  the  heat  contents  of  the  steam  and 
the  heat  in  the  boiler  feed  water  respectively ;  the  heat  absorbed  per  pound  is 
then  H—  h.  Let  Q  l>6  the  heat  contents  of  the  exhausted  steam  (measured 
above  the  feed  water  temperature)  and  W  the  heat  equivalent  of  the  work  done 
per  pound.  Then  for  a  perfect  heat  balance,  //  —  A  =  Q  +  TF.  In  practice,  W 
is  directly  computed  from  the  indicator  diagrams;  H  and  Q  must  be  corrected 
for  the  quality  of  steam  as  determined  by  the  calorimeter  or  otherwise. 

The  heat  charged  to  the  engine  is  measured  from  the  ideal  feed- 
water  temperature  corresponding  with  the  pressure  of  the  atmosphere 
or  condenser  to  the  condition  of  steam  at  the  throttle:  that  is,  it  is 
(in  general  symbols), 

R=Q(H—ho),     B.  t.  u.  per  Ihp.  hr., 

where  Q  represents  the  steam  consumption  in  lb.  per  Ihp.  hr. 
Then  2545  H-i2  is  the  thermal  efficiency  =E.  Let  H^  be  the  total  heat 
above  32°  after  adiabatic  expansion  in  the  Clausius  cycle:  then  the 
ideal  efficiency  is 


H-h 


0 


and  the  "  efficiency  ratio  "  or  relative  efficiency  is 

^      E         2545 


E,    QiH-HoY 
The  efficiency  ratio  referred  to  the  Camot  cycle  is  correspondingly 

25457^ 
^<^''Q{H-K){T-ty 

where  T  and  t  are,  respectively,  the  absolute  temperatures  at  the 
throttle  and  corresponding  with  atmospheric  or  condenser  pressure. 
In  working  up  a  heat  balance,  it  is  convenient  to  measure  all  heat 
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quantities  aljove  32°,    The  gross  heat  charged  to  the  eii^ne  is 

HQ,  less  any  transmisaion  losses  between  boiler  and   engine.     If  tl 
engine  runs  condensing,   and  Qi   lb.   of'  condenser  water   circulaU 
rise  from  ti°  to  (2°  ff  the  heat   rejected  to  the  circulating  water 
(^iCa— '1)   B.  t.  u.     There  are  also  rejected,  in  the  condensed  stcain, 
Q/13  B.  t.  u.,  where  Ag  is  the  heat  of  liquid  corresponding  with  the  tem- 
perature (3  of  the  condensed  steam.     (Note  that  (3  =(2  in  jel  condensing 
engines.)     Some  of  the  heat  thus  rejected  may,  however,  be  returned 
to  the  boiler,  and  should  then  be  credited,  the  amount  of  credit  beings 
the  sum  of  the  weights  returned  each  multiplied  by  the  respeeti' 
heat  of  liquid.     Any  steam  conden-sed  in  the  jackets  is  charged  to  tba 
engine,  but  the  heat  rejected  from  the  jackets  (usually  returned  to 
the  boiler)  is  then  credited  as  Qih  where  Q^  ia  the  weight  of  steam  con- 
densed and  k  the  heat  of  hquid  corresponding  with  its  pressure  (usu&lly 
the  throttle  pressure), 

487.  Cbecks;  Codes.  Where  engines  are  used  to  drive  electrical  generahwa' 
the  tneasureuient  of  the  electrical  energy  Rives  a  close  check  on  the  computation 
of  indicated  horse  power.  Let  ^'generator  output  in  kilowatta.  fo  —  genenvtor 
efficiency,  En  =  niechanical  efficiency  of  the  imit, //  =  Ihp.  of  engine;  then  I.SIG^ 
HBoE„.  In  lonomotive  trials  a  similar  check  is  obtained  by  comparison  of  thft 
drawbar  pull  and  speed  (36).  In  turbines,  the  indicator  cannot  be  employed^ 
measurement  of  the  mechanical  power  exerted  at  the  shaft  is  effect«i  by  the 
of  the  fri(;tion  brake.  Standard  codes  for  the  testing  of  pumping  engines  (37), 
of  steam  engines  generally  (38),  have  been  developed  by  the  American  SociMy  of 
Mechanical  Engineers. 


PiQ,  224.     Arts.  498,  499,  500. — Indiputor  Cards  from  ComiHiutid  Eosine. 


498.  Example  of  an  Engine  Test.'     Figure  221,  from  Hall  (39).  gives 

the  indicator  diagnims  from  a  30  and  56  by  72-in.  compound  engine  at' 

58  r.  p.  m.     The  piston  rods  were  1|  and  SJ  in.  diameter.     The  boiler 

■  Values  from  Hteam  tables,  used  in  this  article,  do  not  precisely  agree  with  tliow 

given  on  pp.  2S7,  2SS. 
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pressure  was  124.0  lb.  gauge:  the  pressure  in  the  steam  pipe  near  the 
engine,  122.0  lb.  The  temperature  of  jacket  discharge  was  338®  F.  The 
conditions  during  the  calorimetric  test  of  the  inlet  steam  were  Pq=  122.08 
lb.  gauge,  r  =  302.1**  F.  (Art.  491),  pressure  in  calorimeter  body  (Fig.  221), 
11.36  lb.  (gauge).  The  net  weight  of  boiler  feed  water  in  12  hours  was 
231,861.7  lb. ;  the  weight  of  water  drained  from  the  jackets,  15,.369.7  lb. 

From  the  cards,  the  mean  effective  pressures  were  44.26  and  13.295 
lb.  respectively;  and  as  the  average  net  piston  areas  were  697.53  and 
2452.19  square  inches  respectively,  the  total  piston  pressures  were  44.26 
X  697.53=30872.7  and  13.295  x  2452.19=32601.9  lb.  respectively.  These 
were  applied  through  a  distance  of 

|{  X  2  x58  =  696  feet  per  minute; 

whence  the  indicated  horse  power  was 

(30872.7  H-  32601.9)  x  696  ^  ^^gg  gp 
33000  "    ' 

From  Art  491,  xJjo+h^=z  H+k  (T— <),  or  in  this  case,  866.5 a; -f  322.47 
=  1155.84 -h  0.48  •  (302.1-242.3)  whence  a:b  =  0.995.  The  weight  of 
cylinder  feed  was  231,861.7-15,369.7  =  216,492.0  lb.  At  its  pressure  of 
13G.7  lb.  absolute,  ii=866.5,  A  =  322.4.  For  the  ascertained  dryness,  the 
total  heat  per  pound,  above  32^  is  322.4  -f  (0.995  x  866.5)  =  1184.5  B.  t.  u. 
The  heat  left  in  the  steam  at  discharge  from  the  condenser  (at  114**  F.) 
was  82  B.  t.  u. ;  the  net  heat  absorbed  per  pound  of  cylinder  feed  was 
then  1184.5  —  82.0  =  1102.5;  for  the  total  weight  of  cylinder  feed  it  was 
1102.5  X  216,492  =  238,682,430  B.  t.  u.  The  total  heat  in  one  pound  of 
jacket  steam  was  also  1184.5  B.  t.  il  This  was  discharged  at  338^  F. 
(/i  =  308.8),  whence  the  heat  utilized  in  the  jackets  was  1184.5  —  308.8 
=  875.7  B.  t.  u.  (The  heat  discharged  from  both  jackets  and  cylinders 
was  transferred  to  the  boiler  feed  water,  the  former  at  338°,  the  latter  at 
114**  F.)  The  supply  of  heat  to  the  jackets  was  then  875.7  x  15,369.7 
=:  13,459,246.29  B.  t.  u  :  the  total  to  cylinders  and  jackets  was  this  quan- 
tity plus  238,682,430  B.  t.  u.,  or  252,141,676.29  B.  t.  u.  Dividing  this  by 
60  X 12  we  have  350,196.77  B.  t.  u.  supplied  per  minute. 

499.     Statement  of  Results.    We  have  the  following : 

(a)  Pounds  of  steam  per  Ihp.-hr.  =  231,861.7  -f- 12  -i- 1338.62  =  14.43. 

(This  is  the  most  common  measure  of  efficiency,  but  is  wholly 
unsatisfactory  when  superheated  steam  is  used.) 

*  Value  taken  for  the  specific  heat  of  superheated  steam. 
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(t)  Pounds  of  dry  steam  per  Ihp.-hr.  =  14.40  x  0.995  •  =  14.36. 

(c)  Heat  consumed  per  Ihp.  per  minute  =  350,196.77  -t- 1338.02  =  261.G1 

K  t.  11. 

(d)  Thermal  efficiency  =  23^^4+261.61  =  0.1621. 

(e)  Work  per  pound  of  steam ==^^^^J~^  X  0.1021  =  17(i  B.  t.  U. 

((f)  Clauaiua  efficiency  (Art,  409),  with  dry  steam, 

(351.22-114)(^l+^^^j_573.6  log.  -^^ 


351.22 -114 +8&;.5 
(h)  Ratio  of  (d)  +  ((/)  =  0.1621  ^  0.266  =  0.61. 


810.82 

.0.265. 


500.  Steam  Consumption  from  Diagram.  The  inaccuracy  of  such  estimntes 
will  be  shown.  In  the  high-pressure  curds,  Fig.  224,  the  clearaince  8[>ace  at  each 
end  of  the  cylinder  was  0.932  cu.  ft.  The  pistou  displacement  per  stroke  ou  thsMd* 
opposite  the  rod  was  706.86  x  72  -f- 1728  =  Sd.453  cu.  ft.;  the  cylinder  volume 
on  thia  side  was  28.4r).3  +  0.032  =  30.385  cu.  ft.  The  length  of  the  corrcspon.!- 
iiig  card  (u)  is  3.79  in.;  the  clearance  line  be  is  then  drawn  distant  from  tlio 
admission  line 

,  O.S-32  . 


At  d,  on  the  release  line,  the  volume  of  Ht«ara  is  30.386  cu.  fb,  and  its  pressure  ia 
31.2  lb.  absolute.  From  the  steam  table,  the  weight  of  a  cubic  foot  of  at«ani  at 
thia  pressure  is  0.076362  lb. ;  whence  the  weight  of  steam  present,  aasnruMl  dry,  ia 
0.076862  X  30.385  =  2.3203  lb.  At  a  point  just  after  the  beginning  of  comprra- 
sion,  point  e,  the  volume  of  steam  expressed  as  a  fraction  of  the  stroke  plus  the 
clearance  equivalent  is  0.517 -f- 3.007  =  0.1321, 3.907  being  the  length  (^  iu  indiea. 
The  actual  volume  of  steam  at  e  is  then  0.1321  X  30.386  s  4.038  en.  ft.,  and  ita 
pressure  is  28.3  lb,  absolute,  at  which  the  specific  weight  is  0.0C9683  lb.  The 
weight  present  at  e  is  tlien  4.038  x  0.069683  =  0.280  lb.  The  net  weight  of  steam 
used  per  stroke  is  2.3203  -  0.280  =  2.04ai  lb.,  or,  per  hour,  S.0403  x  58  x  HO  =  TOM 
lb.,  for  this  end  of  the  cylinder  only.  For  the  other  end,  the  weight,  similarly 
obtained,  is  70.iO  lb.;  the  total  weight  is  then  14,140  lb.  The  home  poi»«r 
developed  being  1339,  the  cyliodcr  feed  per  Ihp.-hr.  from  high-pressure  Uiagnui  a 
is  10.6  lb.,  or  26  per  cent  less  than  that  which  the  test  shows.  The  swne  proc««s 
may  be  applied  to  the  low-pressure  diagrams.  It  is  best  to  take  the  points  d  and  r. 
jUGt  before  the  beginning  of  release  and  after  the  beginning  of  compreasion  resprc- 

■  The  factor  0.095  does  not  precisely  men-sure  the  ratio  of  energy  in  the  aotnal 
steam  to  that  in  the  corresponding  weight  of  dry  steam,  but  the  correcUon  is  usnally 
made  in  this  way. 
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lively.     The  method  is  widely  approximate,  but  may  give  results  of  some  value 
in  the  absence  of  a  standard  trial  (Arts.  448,  440). 

V  V 

501.  General  Expression.    In  Fig.  224a,  let  7=^?,  y^D.     Let  the  cylinder 

area  be  A  sq.  in.,  the  stroke  S  ft.,  the  clearance  d  =  m{L—d)—mAS'.   and  let  the 
speed  be  n  r.  p.  m.     The  horse  power  of  the  double-     p 
acting  engine  is 

„p  JljhnASn 
33,000  ' 

pr  pm  lbs.  mean  effective  pressiu"e  per  square  inch. 
The  weight  of  steam  used  per  stroke,  in  pounds,  is 

^  BAS{\  -hm)     DAS{\  +m) 

144xro             144XKo  l                                          i 

^AS  A,  ^A  /j^  /)  \       Fig.  224a.    Art.  501.— Steam 

144  \  "''^7  \xvo  XVo)  '      Consumption  from  Diagram. 

where  vo  and  F©  are  the  specific  volumes  of  dry  steam  and  x  and  X  are  the  dryness 
of  the  actual  steam,  at  d  and  e  respectively.  Making  X=x  =  1.0,  we  find  (from 
the  indicator  diagrams  alone)  the  weight  of  steam  consumed  per  Ihp.  hour  to  be 
in  pounds, 

120nTr^  13,7.50(1  +m)  /B_  D\ 

H.P.  pyn  \Vo       Vo)' 

In  applying  this  to  compound  engines,  pm  must  be  taken  as  the  total  equivalent 
mean  effective  pressure  "referred  to"  to  the  cylinder  of  area  A  (Art.  472). 

(56*  \ 

^X  13.2951  =90.36,  and  thesteam 

rate  is 

/1.0317\  /       30.385 4.038        \  _,^  .  „ 

W,750  ^  ^^^  J  \,30.385X  13.24     30.385  X  14.53/  ^^• 

502.  Measurement  of  Rejected  Heat  A  common  example  is  in  tests  in 
which  the  steam  is  condensed  by  a  jet  condenser  (Art.  584).  In  a  test 
cited  by  Ewing  (40),  the  heat  absorbed  per  revolution  measured  above  the 
temperature  of  the  boiler  feed  was  1551  B.  t.  u. ;  that  converted  into  work 
was  225  B.  t.  u.  The  exhaust  steam  was  mingled  with  the  condensing 
water,  a  combined  weight  of  51.108  lb.  being  found  per  revolution.  The 
temperature  of  the  entering  water  was  50®  F.,  that  of  the  discharged  mix- 
ture was  73.4®  F.,  and  the  cylinder  feed  amounted  to  1.208  lb.  per  revolu- 
tion. The  temperature  of  the  boiler  feed  water  was  59°  F.  We  may 
compute  the  injection  water  as  51.108  —  1.208  =  49.9  lb.  and  the  heat 
absorbed  by  it  as  approximately  49.9(73.4  —  50)=  1167  B.  t.  u.  The 
1.208  lb.  of  feed  were  discharged  at  73.4°,  whereas  the  boiler  feed  was  at 
59° ;  a  heat  rejection  of  73.4  -  59  =  14.4°  occurred,  or  14.4  x  1.208  =  17.4 
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B.  t.  u.     The  total  heat  rejection  was  then  1167  +  17.4  =  1184.4  B.  L  iL, 
to  whidh  we  roust  add  47  B.  t.  u.  from  the  jackets,  giving  a  total  of 
1231.4  B.  t.  M.    Adding  this  to  the  work  done,  we  have  1231.4  +  226 
1456.4  B.  t.  11.  accounted  for  of  the  total   1551    B.  t.  u.  supplied;  th* 
discr.'pancy  is  over  6  per  cent. 

When  surface  condensers  are  used,  the  temperatures  of  discharge  of 
the  condensed  steam  and  the  condenser  water  are  different  and  the  weight 
of  water  is  ascertained  directly.  In  other  respects  the  computation 
would  be  as  given.* 

603.  Statements  of  Efficiency.  Engines  are  Bomcticnes  rated  an  the  bui«  of 
fuel  conaunijition.  The  duty  is  the  number  of  foot-pounda  of  work  done  in  tlw 
cylinder  per  100  pounds  of  coal  burned  (sonietinieB — and  preferably— the  numfw 
of  foot-pounds  of  work  per  1,000,000  B.  t.  u.  cnnHumed  at  coal.  The  eScieocT 
of  the  plant  ia  the  quotient  ot  the  heat  converted  into  work  per  pound  of  cm',  by 
the  heat  unite  contained  in  the  pound  of  coal.  In  the  test  in  Art.  408,  tho  cwl 
consumption  per  Ihp.-hr.  was  2068.84-^1338.62^1.54  lb.  In  some  cases,  allsLMc- 
menta  are  based  on  the  brake  hone  pmi'er  instead  of  the  itidicated  horne  pourr,  Tbr 
HLtio  of  the  two  ia  of  course  the  mechanical  efficiency.  It  may  be  noted  thsl  thn 
engine  is  charged  with  steam,  not  at  boiler  preaaure,  but  at  the  pressure  in  ihcslwuo 
pipe.  The  difference  between  the  two  preaaurea  and  qualities  represents  »  l<« 
which  may  be  considered  as  dependent  upon  the  truumlsBive  efficiency.  Thi'  pl>i>t 
efficienc')-  is  obviously  the  product  of  the  efficiencies  of  boiler  (Art.  574),  traosnuaWF 
and  engine. 

604.  Measurement  of  HeatTransfers:  Him's  Analysis.    In  the  reBned  metliodi 

of  studying  steam  engine  pcrtornianee  developed  by  Him  (41),  and  expounded  by 
Dwelshauvers-Dery  (42),  the  heat  abeot**'' 
and  that  rejected  are  both  measured.  Dut- 
ing  any  path  of  the  cycle,  the  heat  inIM" 
change  between  Huid  and  walls  is  computfl 
from  the  change  in  internal  energy,  the  hwl 
externally  supplied  or  diseharged,  and  th* 
external  work  done. 

The  internal  energy  of  ateam  is,  in  general 
symbols,  h  -fir.  The  heat  received  being  Q, 
and  the  heat  lost  by  radiation  Q',  we  have 

Fio.  32.'>.    An.  504.— Hirn's  Anaij'sia.    the  general  form 

Q^,=Q\t+E,-Ei+Wi,-Qu+f:,,ih,+x,T,)-Uh(h,+XiT,)  +  W„. 

where  the  path  is,  tor  example,  from  1  to  2,  and  the  weight  of  steam  increams  froM    ' 

ici  to  «■,.    Applying  such  equations  to  the  cycle,  Fig.  225,  made  up  of  the  four 

•  It  is  most  logical  to  charge  the  engine  with  tlie  lieat  meaaurerl  above  tlie  tem- 

peiature  of  beat  rejection.      This,  in  Fig.  182,  for  example,  makes  the   efficiency 

"^-=,  rather  than  YXOiZ'  ^^  ordinate  TX  representing  the  feed-water  temperatut*. 
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operations  01,  12,  23,  30,  we  have,  Afo  denoting  the  weight  of  clearance  steam  and 
M  that  of  cylinder  feed,  per  stroke,  in  pounds. 

^0 = AfoC^-fxoTo) ;  Et  =  (Afo+3/)(A,+x,r,); 

Ei  =  (A/o+ilf)(Ai+Xiri);  ^,=ilfo(A,-fx,r,). 

Let  Qcf  Qby  Qct  Qdf  represent  amounts  of  heat  transferred  to  the  walls  along  the 
paths  a,  6,  c,  d. 

Consider  the  path  a.    Let  the  heat  supplied  by  the  incoming  steam  be  Q.    Then 

Q-Oa  =  TFa+(^i-^o). 

Along  the  path  6,  -Qb--Wb-\-(Ei-Ei);  along  </,  -<?d- -TTd+Ci^o-^i). 

Along  r,  heat  is  carried  away  by  the  discharged  steam  and  by  the  cooling  water. 
Let  G  denote  the  weight  of  cooling  water  per  stroke,  h^  and  hi  its  final  and  initial 
heat  contents,  and  ht  the  heat  contents  of  the  discharged  steam.  The  heat  rejected 
by  the  fluid  per  stroke  is  then  G(hi-h4)-{-Mh.  Then  -Oc-G(A»-A4)-ilf/r«  = 
-We-\-{Ez-Et),  and  Oc=  -G{hs-h4)-Mh,-{-Wc-(Ei-Et). 

Values  for  the  h  and  r  quantities  are  obtained  from  the  steam  table  for  the  pres- 
sures shown  by  the  indicator  diagram.  The  diagram  gives  also  the  work  quantities 
along  each  of  the  four  *'  paths.''  The  conditions  of  the  test  give  Q,  G,  As,  A«,  hi, 
and  M,  The  remaining  unknown  quantities  are  Mo  and  the  drynesses.  Mo  is  found 
by  assuming  xi  =  1.0  (see  Art.  500).  Then  the  dryness  at  any  of  the  remaining 
points  0,  1,  2,  may  be  found  by  writing 


x  = 


V 
WVo 


where  v  is  the  volume  shown  by  the  indicator  diagram,  vo  is  the  specific  volume 
of  dry  steam  and  w  is  the  weight  of  steam  present,  at  the  point  in  question.  The 
quantity  w  will  be  equal  to  Mo  or  (Af -fA/o)  as  the  case  may  be. 

505.  Graphical  Representation.  In  Fig.  226,  from  the  base  line  xy,  we  may 
lay  oft  the  areas  oefs  representing  heat  lost  during  admission,  smba  showing  heat 
gained  during  expansion,  mhcr  showing  heat  gained 
during  release,  and  oakr  showing  heat  lost  during 
compression.  If  there  were  no  radiation  losses 
from  the  walls  to  the  atmosphere,  the  areas  above 
the  line  xy  would  just  equal  those  below  it.  Any 
excess  in  upper  areas  represents  radiation  losses. 
Ignoring  these  losses,  Him  found  by  comparing  the 
work  done  with  the  value  of  Q  —  Mhi—G{h^—hi) 
an  approximate  value  for  the  mechanical  equivalent 
of  heat  (Art.  32). 

Analytically,  if  Qr  denote  the  loss  by  radiation, 
its  value  is  the  algebraic  sum  of  Qa,  Qbi  Qc,  Qd-    If 

the  heat  Qj  be  supphed  by  a  steam  jacket,  then    Yiq.  226.     Art.  505.— Heat 
Or  =  0>  +  SQo.  (,.  c  d'       The    heat    transfer   during  Transfers. 

release,  Qc.  regarded  by  Him  as  in  a  special  sense  a 

measure  of  wastefulness  of  the  walls,  may  be  expressed  as  Qr  —  Qj—  ^^a,  b,  d-  In 
a  non-condensing  engine,  Qr  can  be  determined  only  by  direct  experiment. 

505(1.  Testing  of  Regulation.  The  "  regulation  "  of  a  steam  engine  refers  to 
its  variations  in  speed.  In  most  applications  uniformity  of  rotation  is  important. 
This  is  particularly  the  case  when  engines  drive  electric  generators,  and  the  momen- 
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tary  or  periodic  variations  in  speed  must  be  kept  small  regardless  of  Quctuationo 
in  initial  pressure,  bai-k  pressure,  loud  or  ratio  of  expansion.  This  ia  aecomplishnl 
by  using  a  Benaitive  Kovcrnor  and  a  suitably  heavy  fly-wheel.  Regulation  c&nnot 
be  studied  by  unaided  observation  with  a  revolution  counter  or  by  an  ordinary 
recording  instrument.  An  accurate  indicating  tachometer  or  some  special  optical 
device  must  be  employed  (Trans.  A.  S.  M.  E.,  XXIV,  742). 

Types  of  Steam  Engine 

SOS.-Spedal  Engines.  We  need  not  consider  the  commercialiy  unimportant 
class  of  engines  using  vajiors  other  than  steam,  those  experimental  engines  buili 
for  educational  institutions  which  belong  to  no  special  type  (43),  engines  of  novel 
and  limited  application  like  those  employed  on  motor  cars  (44),  nor  the  "  fireleaa  " 
or  stored  hot-water  steam  engines  occasionally  employed  for  locomotion  (45). 

507.  Classification  of  Engines.    Commercially  important  types  may  be  o 
densing  or  non-condensing.     They  are  claasitied  as  right-hand  or  left-hand,  accord 
lug  as  the  fly  wl.i'i:!  is  nii  the  light  or  left  side  of  the  ceiil.T  linn  of  tlin  ryli 
as  viewed  from  the  back  cylinder  head.      They  may  he  simple  ov  multiple-ezpan- 
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■ton,  vith  alt  the  Baccessive  stages  and  cyliader  arrangemeats  made  ponible  in 
the  latter  case.  Thej  may  be  aingle-ActliiE  or  doable-actiog ;  tlie  latter  is  the  far 
more  nsnal  arrangement.  Tbey  may  be  rotiitive  or  Don-rotxtiTe.  The  direcl-aclinff 
pumping  engine  is  an  example  of  the  latter  type;  the  work  done  consist*  in  a 
rectilinear  impnlae  at  the  wat«r  cylinders.  In  the  dnplex  eBgine,  simple  cylinders 
■re  u»>d  side  by  aide.  The  terms  hoiixontal,  vertical,  and  iiicUn«(l  refer  to  the  posi- 
tions of  the  center  lines  of  the  cylinders.  The  horizontal  engice,  as  in  Figs.  186 
and  229,  is  mostly  used  in  land  practice ;  the  vertical  engine  is  most  common  at 


Fio.  329.    Art.  SOT—  Antomatlo  Engli 


■ea.  Croe»<M>m pound  vertical  engines  are  often  direcUeonnected  to  electric  gen- 
erators. Vertical  engines  have  occasionally  been  built  witli  the  cylinder  below 
the  shaft.  This  type,  with  the  inclined  engine,  is  now  rarely  usi-d.  Inclined 
engines  have  been  built  with  Mcillating  cylinders,  the  use  of  a  crosshead  and 
connecting  rod  being  avoided  by  mounlinf,'  the  cylinder  on  trunnions,  through 
which  the  steam  was  admitted  and  exhausted.    Figure  228  shows  a  section  of 
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the  interesting  aDsle-compound,  in  which  a  horixontal  high-pressure  cylinder 
exhausts  into  a  verticiil  lo» -press tin:  cylinder.  A  different  type  of  engine,  lint 
with  a  HJniilar  structiirtil  arrangement,  has  been  used  in  some  of  the  largest 
power  stations. 

Engines  are  locomative,  stationary,  or  hujuib.  The  last  ticloiig  in  a  class  by 
themselves,  and  will  not  be  illustrated  here ;  their  capacity  ranges  u[)  to  lliat  of 
our  largest  etiitiouary  power  plant?!.  Stationary  engines  are  furllier  eluded  as 
pomping  enginsB,  mill  engines,  power  plant  engines,  etc.  They  may  he  fnrlher 
gron{H^d  aueoi'ding  to  the  metliod  of  absorbing  the  power,  as  belted,  direct-coD- 


nected.  rope  driven,  etc.  An  engine  directly  driving  i 
Fig.  8(1.  "Rolling  mill  engines"  undergo  c 
variations  in  load,  and  must  have  a  correspondingly 
massive  (tangye)  frame.  Power  plant  engines  gen- 
erally must  be  subjected  to  heavy  load  variations; 
their  frames  are  accordingly  usnally  either  tangye  or 
semi-tangye.  Mill  engines  operate  at  stendier  loads, 
and  have  frequently  been  built  with  light  girder 
frames.  Modern  high  steam  pressures  have,  however, 
led  to  the  general  diacontiouance  of  this  frame  in 
favor  of  the  semi-tangye. 

t  any  speed  up  to 


r  compresHT 


A  alow-speod  engine  may  r 


r.  ]!. : 


Fro 


125    I 


20t)   1 


garded  as  medium  speed.  Speeds  above  200  r.  p.  m. 
are  regarded  as  high.  Certain  types  of  engine  are 
adapted  only  for  certain  speed  ranges ;  the  ordinary 
slide-valve  engine,  shown  in  Fig.  18(1,  may  be  oper- 
ated at  almost  any  speed.  For  large  units,  speeds 
range  usually  from  80  to  100  r.p.m.  The  higher 
speed  engines  are  considered  niechnnically  less  re- 
liable, and  their  valves  do  not  lend  themselves  to.quite 
as  economical  a  distribution  of  steam.  An  important 
class  of  medium-si>eed  engines  has,  however,  been  in- 
troduced, in  which  the  independent  valve  action  of 
the  Corliss  type  baa  been  retained,  and  the  promptness 
of  eut-oS  only  attainable  by  a  releasing  gear  has  been 
approximated.  In  some  cheap  high-speed  engines 
governing  is  effected  simply  hut  nneconomically  by 
throttling  the  steam  supply.  .Such  engines  may  have 
shallow  continuous  frames  or  the  sub-base,  as  in  Fig. 
'229,  which  represents  the  large  class  of  automatic 
high-speed  engines  in  which  regulation  is  effected  by 
automatically  varying  the  point  of  cut-off.  Figure  280 
■hows  three  sets  of  indicator  diagrams  from  a  com- 
pound engine  of  this  type,  running  non-condensing 
at  VHriou.H  loads.  Some  of  the  trregulatiuns  of  these 
diagrams  are  without  doubt  due  to  indicator  inertia : 


but  they  should  be  caro- 


fnlly  compared  with  those  ahowing  the  steam  distribution  with  a  slow-epeed 
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releasiDg  ^ar,  in   Fig.  218.     All  of   the  so-calltid   "  automatic  "   eDgioes   run   at 
medium  or  liigh  rotative  speeds. 

The  throttling  engine  ia  used  only  in  special  or  unimportant  applications.  Tlie 
automatic  tyjio  in  employed  where  the  comparatively  high  speed  is  admissible,  in 
unite  of  moderate  size.     Better  distribution  ia  affordi^  J  by  the  foui-valvo  engine,  in 
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which  the  foiir  erents  of  the  stroke  m 
ia  often  used  at  moderately  high  speed) 
Duly  with  a  relesaing  gear,  in  which  th 
nected,  and  tlie  st^Eini  valve  is  au- 
tomatically and  instantaneously 
closed.  This  feature  diBtiiiguishea 
the  Corliss  type,  moat  commouly 
used  in  high-grade  mill  and  povrer 
plant  service.  With  the  releasing 
gpar,  usual  speeds  seldom  exceed 
lOOr.p.ni.  The  valve  in  a  C»r- 
liaa  engine  is  cylindrical,  and  ex- 
tends across  the  cylinder.  Some 
details  of  the  mechanism  are 
ahown  in  Fig.  231.  Li  very  large 
engines,  the  releasing  principle  is 
sometimes  retained,  hut  witik 
poppet  or  other  forma  of  valve. 
Figure  232  shows  the  parts  of  a 
typical  Corliss  engine  witli  seuii- 
taugye  fr.iine. 

607<i.  The  Stumpf  Engine.  Re- 
markable reductions  in  cylinder  loss 
have  been  effected  by  the  unidirec- 
tional-flow piston-exhaust  engine 
of  Stumpf,  shown  in  Fig.  231o. 
The  piston  itaelf  acf-s  as  on  exhaust 
valve  by  uncovering  slots  in  the 
barrel  of  the  cylinder  at  -^t  strike. 
The  jacketed  heads  fonn  steam 
chests  for  the  poppet  admission 
valves.  The  piston  is  about  half 
as  lotip  as  the  cylinder.  The  ad- 
vantsgee  of  the  engine  are,  very 
slight  piston  leakage,  no  special 
exhaust  valve,  ample  exhaust  ports, 
low  clearance  Hi  to  2  per  cent) 
and  reduced  cylinder  condensation. 
This  last  is  due  to  the  continuous 
flow  of  steam  from  endstocentprof 
thecylinder,  which  keeps  thceooM 
and  expanded  steam  from  sweeping 
over  the  heads.  (The  sleam  in  ai 
of  thermal  equilibrium.)  The  cond< 
expansion  are  employed,  and  the  simple  engine 
steam  seems  to  give  an  efficiency  about  equal  t 
sion  engine  of  the  ordinary  type.  Compresai 
BO  that  when  the  engine  is  used 


'  he  independently  adjusted,  And  this  t 
Sharpness  of  ciii-niTi^  uMially  obtain abl| 

mpchaiiisni  op.Tutinii  Hie  valves  is  di 


engine  cylinder  is  by  no 


condifion 

small    that   very  large  ratio 

ith  either  saturated  or  superheated 

that  attained  by  a  triple  expan- 

is  necessarily  exceaaive:  so  much 

;ondenBiDg  a  special  piston  valve,  workiog  ir 
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tbe  pisloD,  is  used  to  prolong  the  exhaust  period  during  part  of  the  return  stroke. 
Some  ot  the  advantages  are  thereby  sacrifired:  this  inodiiiaition  is  not  necessary  on 
condensing  engines. 

The  device  has  been  applied  to  locomotives  od  the  Prussian  slate  railways  (Enffi' 
rumng  Magazine,  March,  1912),  The  eylindi^rs  ore  of  excessive  leninhu:  a  special 
valve  gear,  highly  economical  in  power  consumption,  has  been  developed.  The 
early  mmpression  (no  supplementary  exhaust  valve  being  used)  requires  large 
eleaiance:  but  it  if  elainied  that  with  a  conenvp-etided  hollow  piston  the  wall  surface 
ot  ihe  cleuranee  space  (which  influences  the  loss)  is  from  40  to  60  per  eenl  less  than 
n  on  ordinary  locomotive  cyhnder.     Any  initial  condensation  is  automatically 


Art.  507a.— The  Slump!  Engine. 


discharged  through  holes  in  the  cylinder  wall,  ao  that  it  ceoaes  to  be  a  factor  in 
producing  further  condensation. 

608.  The  Steam  Power  Plant  Figure  233,  from  Heck  (46),  is 
introduced  at  ihis  point  to  give  a  conception  of  the  vaiious  elements 
composing:,  witL  the  engine,  the  complete  steam  plant.  Fuel  is  burned 
on  the  grate  1;  the  gases  from  the  fire  follow  the  path  denoted  by  the 
arrows,  and  pass  tlie  dumper  4  to  the  chimney  5.  Water  enters,  from 
the  pump  IV,  the  boiler  through  29,  and  is  evaporated,  the  steam 
passing  through  8  to  the  engine.  The  exhaust  steam  from  the  engine 
Kgoea  through  IS  to  the  condenser  III,  to  which  water  is  brought  through 
I  '21.  Steam  to  drive  the  condenser  pump  comes  from  26.  Its  exhaust, 
with  that  of  the  feed  pump  31,  passes  to  the  condenser  through  27.  The 
condensed  steam  and  warmed  water  pass  out  through  23,  and  should,  if 
possible,  be  used  as  a  source  of  supply  for  the  boiler  feed.  The  free 
exhaust  pipe  19  is  used  in  case  of  breakdonn  at  the  condenser. 
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509.  The  Locomotirch    . 

This  ia  an  entire  power  pl&nt, 
made  porlaUe.  Figure  2M 
ahows  a  typical  modi*ru  form. 
The  engine  coriaisfat  at  twu 
horizontal  dooblB  actlri};  cvl- 
imlera  couplet]  lo  the  emlH  of 
the  sfttiie  axle  at  light  mi- 
gles.  These  are  Incntt^ti  nn- 
der  tli0  front  etii]  o(  the 
hoilcr,  which  is  of  tht^  tyjie 
deacrilied  in  Art  563.  A 
pair  of  heavy  frames  sup- 
ports the  boiltr,  the  load  be- 
ing carried  on  the  axles  bj- 
nieana  of  an  iiilerreuing 
•■  spring  rigging."  The  «tack 
i»  necessarily  short,  so  tbkt 
nrtiflcial  draft  is  provided  by 
meiins  of  an  expanding  uoe- 
zle  ill  the  "smoke  Ua." 
Ihrnujjh  which  the  eshniwt 
steam  passes;  live  stMua 
may  be  used  when  amxtaKry 
to  snpplemeiil  thin.  Th« 
engines  ate  iiou-condttnatng, 
lint  superheating  and  lit«t- 
ing  of  feed  water,  particu- 
larly the  former,  are  being 
introduced  extensively.  The 
Wiiter  is  carried  in  an  aux* 
iliary  tender,  excepting  in 
light  locomoiiTeH,  iu  whiehk 
"  saddle  "  tank  may  b«  built 

The  ability  of  a  locomo- 
tive to  ntart  n  lond  <{e[>endi 
upon  the  force  which  it  can 
exert  at  the  riui  of  the  driv- 
ing wheel.  If  d  is  the  cylin- 
der diameter  in  inchea.  L  the 
stroke  in  feet,  and  p  tha 
maximum  mdan  elTective 
pressure  of  Iha  sl^ani  per 
square  inch,  the  work  iloin* 
{>er  rerolution  by  two  einal 
cylinders  is  rd*Lp. 


THE  LOCOMOTiyE 


this  work  to  be  tnins- 
initted  to  the  point  of 
coDtact  between  wheel 

and  rail  without  loiw, 
and  that  the  diattieh.'r 
of  thf  «lih«l  is  D  feel, 
then  ilic  tractive  power, 
the  force  exerted  at 
the  tim  of  tbe  wheel, 


wiPLp  -^ 


D 


The  value  of  p,  with 
euch  valve  gears  as  are 
employed  on  locomo- 
tives, may  be  taken  at 
80  to  85  per  cent  of  the 
boiler  piessuie.  The 
actual  tractive  power, 
and  the  pult  on  the 
drawbar,  are  reduced 
hy  ttie  friction  of  the 
niecbuniam  the  Utter 
from  5  to  15  per  cent. 
Under  ordinary  con- 
ditions of  rail,  the 
wbeelB  will  slip  when 
the  tractive  power  ex- 
cwiia  0.±i  lo  0.i>3  the 
total  n  eight  carried  by 
the  driving  wheels. 
This  fraction  of  the 
total  weight  is  called 
the  adheaion.  and  it  is 
useless  to  make  the 
tractive  power  greater. 
In  li"?oiiirjllvc>  of  cer- 
tain types,  a  "  traction 
increaser  "  is  sometimes 
used.  This  is  a  device 
for>iiJflinR!Ujiiii'of  the 

from   h:iil,.r  »1 Is   lo 

driving  wheeln.  The 
weight  on  the  drivers 
and  the  adhesion  are 
thereby  increased.  The 
,   Qpon    ap* 
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proaching  a  hi^avy  grade,  may  utilize  a 
than  would  otherwise  be  useful. 


r  boiler  pressure  or  a.  later   cutHiS  'I 


510.   Componndlog. 

The  Bteam  pipe  betwee 


Mallet  coQipDuniled  the  two  cylinders  aa  early  as  1S7S. 
n  tlie  cyliiidein  wound  through  the  smoke  boi,  thus  becnm- 
.    .Mallet  also  proposed  the  ubk  of  a  pair  of  tandem  conipouml 
cf  liuders  on  each  aide.     The  Baldwin  t^pe  of  compound  has  two  cylinders  on  each 
dde,  the  high  pressure  being  above  the  low  pressure.     Webb  has  used  two  ordinaij 
outeide  cyliudera  as  high-pressure  elements,  with  a  very  Urge  low-pressure  cyliiider 
placed  under  tlie  boiler  betweeu  the  wheels.     In  the  Cole  cotnix>tind,  two  ontiiida 
low-pressure  cylinders  receive  steam  from  two  hi^h-pressure  inside  cylinders.     The 
former  are  connected  to  crank  pins,  as  in  ordinary  practice :  tbe  latter  drive  t 
forward  driving  axle,  involving  the  use  of  a  ciankaxle.     The  four  crank  efFort< 
differ  in  phase  by  90".     This  causes  a  veiy  regular  rotative  inipalse,  whence  llie 
name  balanced  compound.     Inside  cylinders,  with  crank  axles,  are  almost  esclusirelj 
used,  even  with  simple  engines,  in   Europe :   two-cylinder  compounds  with  bolii 
cylinders  inside  have  beenemployed.     Theuseof  ihecrank  axle  has  been  eompliculwl 
in  some  locomotives  with  a  splitting  of  the  connecting  rod  from  the  inside  cvliudere 
to   cause  it  to  clear  the  forward  axis.     Greater  simplicity  follows  the  staudsi^ 
method  of  coupling  the  inside  cylinders  to  the  forward  axle. 

511.  Locomotive  Economy.  The  aim  in  locomotive  design  is  not  the  gresMrt 
economy  of  8t«am,  hut  tlie  iiiatallation  of  the  greatest  jwssible  power-producinit 
capacity  in  a  definitely  limited  8i>ace.  Notwithstanding  this,  locomotives  li»ve 
shown  very  fair  elBcieiicies.  This  is  largely  due  to  the  small  excess  air  siipiilj 
arising  from  the  high  rate  of  fuel  consumption  per  square  foot  of  grate  (Art.  564)< 
The  locomotive's  normal  load  is  what  would  be  considered,  in  stationary  practice, 
an  extreme  overload.  Its  mechanical  efficiency  is  therefore  high.  For  the  ni»* 
complete  data  on  locomotive  trials,  the  Pennsylvania  Railroad  Report  (IT)  ahouM 
be  consulted.  The  American  Society  of  Mechanical  Engineers  has  published  * 
code  (48)  ;  Reeve  has  worked  out  the  heal  interchange  in  a  specimen  test  by  Hini'< 
analysis  (+fl),     (See  Art.  55-1.) 

(1)  D.  K.  Clark.  Sailwaif  Mncbintry.  (2)  Isherwood,  Experimtatal  Rttutr^i^ 
in  Steam  Enylnefriny,  18I13.  (3)  De  la  eoadensalioji  de  la  vapfur,  etc..  An*,  dti 
mines,  187T.  (4)  Bull,  de  la  Soe.  Induat.  de  Mul\ouie,  1856,  e(  seq.  (6)  Froc  IruL 
Citi.  Etig.,  CXXXI.  (6)  Peabody,  TkerntodyTiamia,  1907,  233.  (8)  Min.  Pfoe. 
Intt.  C.  k:  March,  1888;  April,  1893.  (9)  Op.  cit.  (10)  Bngint  TaUs.  G.  H. 
BarruB,  (11)  Tke  Steam  Engine.  1892,  p.  190.  (12)  The  Sleam  Engine,  I90S, 
109,  119,  120.  (13)  Proc.  Inat.  Meek.  Eng.,  1889,  1892,  1895.  (14)  Ripper.  Stowt 
Engine  Theory  awl  Practice,  1905,  p.  167.  (15)  Hipper,  op.  ciC.,  p.  149.  (16)  Tmn*. 
A.  S.  M.  E.,  XXVIII.  10.  (17)  For  a  discussion  of  the  interpretation  of  the  Boulvia 
diagram,  sec  Berry,  The  Temperature-Entropy  Diagram,  1905,  (18)  Proc.  Inet.  Much. 
Eng.,  January,  1895,  p.  132.  (19)  The  Simm  Engine,  1906.  (21)  Trant.  A.  S.  M. 
E.,  XV.  (22)  Ibi-l..  XIII,  647.  (23)  Ihid.,  XIX,  189.  (24)  Ibid.,  loc.  at.  (25) 
Ibid.,  XXV,  482,  483,  490,  492.  (26)  Manuel  du  Cotidjicleur  dea  MocAinM  Binain*, 
Lyons,  1850-1851,  (27)  Peabody,  Thermodyvamia,  1907,  283.  (28)  ThureUm. 
Engine  and  Boiler  TriaU,  p.  130.  (29)  Ripper,  Steam  Engine  Theory  cmd  Prartice, 
1905,  p.  412,     (30)  Erperimenlal  Enginaring,  1907.     (31)  The  Steam  Engine  Indita- 
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tor,  18d8.  Reference  should  also  be  made  to  Miller's  and  Hall's  chapters  of  Prao- 
tical  Instructions  for  using  the  Steam  Engine  IndicaloTf  published  by  the  Crosby 
Steam  Gage  and  Valve  Company,  1905.  (32)  Low,  op.  cU.j  pp.  103-107;  Carpen- 
ter, op.  cU.,  pp.  41-55,  531,  780.  (33)  Op.  cit.y  p.  391.  (34)  Trans.  A.  S.  M.  E., 
VI,  716.  (35)  Ibid.,  XXV.  (36)  Ibid.,  1892,  also  XXA^  827.  (37)  Ibid.,  XI. 
(38)  Ibid.,  XXIV,  713.  (39)  Op.  cU.,  144.  (40)  The  Steam  Engine,  p.  212.  (41) 
Bidl.  de  la  Soc.  Ind.  de  Midhouse,  1873.  (42)  Exposi  Succinct,  etc. ;  Retme  UniverseUe 
des  Mines,  1880.  (43)  Carpenter,  Experimental  Engineering,  1907,  657;  Peabody, 
Thermodynamics,  1907,  225.  (44)  Trans.  A.  S.  M.  E.,  XXVIII,  2,  225.  (45) 
Zeuner,  Technical  Thermodynamics  (Klein),  II,  449.  (46)  The  Steam  Engine,  1905, 
I,  2,  3.  (47)  Locomotive  Tests  and  Exhibits  at  the  Ijmisiana  Purchase  Exposition^ 
1906.     (48)  Trans.  A.S.M.  E.,  1892.     (49)  Ibid.,  XXVIII,  10,  1658. 


SYNOPSIS  OF  CHAPTER  XIH 
Practical  Modifications  of  the  Rankine  Cycle 

"With  valves  moving  instantaneously  at  the  ends  of  the  stroke,  the  engine  would 
operate  in  the  non-ezpansive  cycle.  The  introduction  of  cut-off  makes  the  cycle 
that  of  Rankine,  modified  as  follows : 

(1)  Port  friction  reduces  the  pressure  during  admission.  This  causes  a  loss  of  availa- 
bility of  the  heat.     Regulation  by  throttling  is  wasteful. 

(2)  The  expansion  curve  dififers  in  shape  and  position  from  that  in  the  ideal  cycle. 
Expansion  is  not  adiabaiic.  The  steam  at  the  point  of  cut-off  contains  from  25 
to  70  per  cent  of  water  on  account  of  initial  condensation.  Further  condensation 
may  occur  very  early  in  the  expansion  stroke,  followed  by  reevaporation  later 
on,  after  the  pressure  has  become  sufficiently  lowered.  The  exponent  of  the 
expansion  curve  is  a  function  of  the  initial  dryness.  The  inner  surfaces  only  of 
the  walls  fluctuate  in  temperature.    Condensation  is  influenced  by 

(a)  the  temperature  range:  wide  limits,  theoretically  desirable,  introduce  some 
practical  losses ; 

(6)  the  size  of  the  engine :  the  exposed  surface  is  proportionately  greater  in 
small  engines ; 

(c)  its  speed :  high  speed  gives  less  time  for  heat  transfers ; 

(d)  the  ratio  of  expansion :  wide  ratios  increase  condensation  and  decrease 
efficiency,  particularly  because  of  increased  initial  condensation.  Initial 
wetness  facilitates  the  formation  of  further  moisture.  In  good  design,  the 
ratio  should  be  flxed  to  obtain  reasonably  complete  expansion  without 

0  27     fsT 
excessive  condensation,  say  9X  4  or  5  to  1.    3f  =  -7^\i — .     Values  of  T, 

^team  Jax^kets  provide  steam  insulation  at  constant  temperature  ;  they  oppose  initial 
condensation  in  the  cylinder  and  are  used  principally  with  slow  speeds  and  high 
ratio  of  expansion.  Some  saving  is  always  sho^ani.  Superheat,  used  under  similar 
conditions,  increases  the  mean  temperature  of  heat  absorption.  Each  75**  of 
superheat  may  increase  the  dryness  at  cut-off  by  10  per  cent.  The  actual  expan- 
sion curve  averages  PV=pv,     M.E.P.=    b(^-^^0^^)__p^  ^th  ^e  Rankine 
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33O0U 


niftgram  factor  =0,6  to 


nPfl 


0.9.    With  polytropic  expansion,  M.E.P.=^ -,^-.  „ ; , 

r^n—  1)  r*{n —  I) 

(3)  The  exhau$t  line  shows  back  pretture  due  to  frictiun  of  porta,  tiie  preaenoe  of  aie,, 
and  re^vaporatiun.  High  nltitudes  increase  the  rapacity  of  non-condensing 
engines. 

(4)  Clearance  varies  from  2  to  IS  per  cent.  "Real"  and  "apparent"  mtioe  of 
expansion. 

(5)  Campreaioa  brings  the  piHlon  to  T«iBt  quietly  :  tiiongh  tlieoreticallj  lens  deHirable 
Uian  jacketing,  it  may  reduce  initial  condensation. 

(6)  Valtie  action  1h  not  instantaneous,  and  the  comers  of  tlie  (liagiain  are  alwajs 
Homewhat  rounded.    Leakage  is  an  important  cause  of  wnHte, 

The  Steam  Engine  Cycle  an  t?te  StUropy  Diagram 
Cushion  tteam,  present  tbrougliuut  the  cycle.  Is  not  included  in 

steam  used. 
Its  volumes  may  be  deducted,  giving  a  diagram   representing  the  behavior  of   tba 

cylinder  feed  alone. 
The  indicator  diagram  shows  actions  neither  cyclic  nor  revereible :    it  depicia  a 

varying  moM  of  tiewm. 
The  Bou2t)in  diagram  gives  the  .VTliistory  correctly  along  the  expansion  carv«  only. 
The  Heme  diagram  elimiaates  the  cushion  steam  |;   it  correctly  depicts  both  expao- 

sion  and  compreflsioii  curves,  as  referred  to  the  cylinder  feed. 
The  preferred  diagram  plots  the  expansion  and  compression  curves  separately. 
Diagrams  may  sliow  (a)  loss  by  condensation,  (b)  gains  by  increase*!   pressuro  luid 

decreased  back  pressure,  (c)  gains  by  superheating  and  jacketing. 

ilultiple  Expansum 
Increased  initial  pressure  and  decreased  back  pressure  pay  best  with  wi<le  expansive 

Such  ratios  are  posHible,  with  multiple  expansion,  without  excessive  condensation. 
Condensation  is  less  serious  bucaiixe   of  (a)   tlie   use  maile  of  ^e§vap(lralt^d  steam, 

(b)  the  decrease   In  initial  condensation,  and   (r)  tlie  small  size   of   tlie   iiitrh- 

presaure  cylinder. 
Several  numbers  and  arrangements  of  cylinders  are  possible  with  uxpausion  in  two, 

three,  or  four  stages. 
Incidental  advantages :  leas  steam  lost  in  clearance  space ;  compression  beipns  later ; 

the  large  cylinder  is  subjected  to  low  pressure  only ;  more  uniform  speed  and 

moderate  stresses. 
The  Woolf  engine  hod  no  receiver ;  the  low-pressure  cylinder  received  steam  throuKb- 

out  the  stroke  as  discharged  by  the  high-pressure  cylinder.     Tlvc  fonner,  tlicre- 

fore,  worked  without  expansion.    The  pislun  phases  coincided  or  differed  by  180°. 
In  the  receiver  engine,  the  pistons  may  have  an;  phase  relation  and  the  low-presaura 

cylinder  works  eitpansively.     Early  cut-off  in  the  low-presaute  cylinder  incnaoea 

its  proportion  of  the  load,  and  is  practically  without  effect  on  the  total  work  <4 

the  engine. 
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The  approximate  point  of  low-pressure  cut-off  to  eliminate  drop  may  be  graphically 
or  analytically  determined  for  tandem  and  cross-compound  engines. 

In  combining  diagrams,  twj  acUuratUm  curves  are  necessary,  unless  the  cushion  steam 
be  deducted. 

The  diagram  factor  has  an  approximate  value  the  same  as  that  in  a  simple  engine  hav- 
ing '^^ expansions,  in  which  n  is  the  number  of  expansions  in  the  compound 
engine  and  c  its  number  of  expansive  stages. 

Cylinder  ratios  are  3  or  4  to  1  if  non-condensing,  4  or  6  to  1  if  condensing,  iu  com- 
pounds ;  triples  have  ratios  from  1 : 2.0 : 2.0  to  1 : 2.5 : 2.5.  A  large  high-pressure 
cylinder  gives  hi^  overload  capacity. 

The  engine  may  be  designed  so  as  to  equalize  work  areas,  or  by  assuming  the  cylinder 
ratio.    "  Equivalent  simple  cylinder.**    Values  of  R, 

Governing  should  be  by  varying  the  point  of  cut-off  in  both  cylinders. 

Drop  in  any  but  the  last  cylinder  is  usually  considered  undesirable. 

Exceptionally  high  efficiency  is  shown  by  compounds  having  cylinder  ratios  of  7  to  1. 
The  high-pressure  cylinder  in  ordinary  compounds  is  too  large  for  highest  efficiency. 

The  binary  vapor  engine  employs  the  waste  heat  of  the  exhaust  to  evaporate  a  fluid 
having  a  lower  boiling  point  than  can  be  attained  with  steam.  Additional  work 
may  then  be  evolved  down  to  a  rejection  temperature  of  60  or  70°  F.  The  best 
result  achieved  is  167  B.  t.  u.  per  Ihp.-minute. 

Engine  Tests 

The  indicator  measures  pressures  and  volumes  in  the  cylinder  and  thus  shows  the 

"cycle." 
Its  diagram  gives  the  m.  e.  p.  and  points  out  errors  in  valve  adjustment  or  controL 

Calorin^ters  :  the  barrel  type :  ^  =  hdu,  +  Wy-n,k-Wno . 

r            ^      /      .  «       vjhi  +  Wh2  -wh-  Who 
surface  condensing :  Xo  =  — =— ^ ^==j — ; 

superhe(Uing ;  xo  = k     "  )  —  "<) .  jimj^g  ^f  capacity  ; 

Barrus :  ar©  = ^^ jr-^ — -; 

separating :  direct  weighing  of  the  steam  and  water; 
chemical :  insolubility  of  salts  in  dry  steam ; 
electrical :  1  B.  t  u.  per  minute  =  17.59  watts. 

Engine  trials :  we  may  measure  either  the  heat  absorbed  or  the  Jieat  rejected  -|-  tAe  work 
done. 

By  measuring  both,  we  obtain  a  heat  balance. 

Results  usually  stated  :  lb.  dry  or  actual  steam  per  Ihp.-hr.;  B.  t.  u.  per  Ihp.-minute  ; 

thermal  efficiency ;   work  per  lb.  Lteam ;  Camot  efficiency ;   Clausius  efficiency  ; 

efficiency  ratios. 
By  assuming  the  steam  dry  at  compression  and  cut-off  or  release,  and  knowing  the 

clearance,  we  may  roughly  estimate  steam  consumption  from  the  indicator  diagram, 

Du/y =ft.-lb.  of  work  per  100  lb.  coal  (or  per  1,000,000  B.  t.  u.)     Plant  ^lency^ 

B.  t.  u.  of  work       -^    .      .    1   ^  .  Brake  hp. 

— -^ =-•     Mecfiantcal  efflctency  ^  .  j— r-ju— • 

B.  t.  u.  in  coal  Indicated  hp. 
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Hirn'a  analysis:  £'i=ZK(Ai4-air,);  Bj^^i+Wi;  heat  transfer  to  and  (iDin 
mills  ma;  be  computed  from  the  supply  of  heat,  the  chough  m  internal  energy, 
and  the  work  done.     The  excess  of  lossesTiver  gftinB  repragentfi  radiation. 

Testing  of  regulation  (sppeii  L'ontrol). 

Tgpcs  of  Steam  Engine 
Standard  engines :  son-condeusing  or  condensing ;  right-hand  or  teft-baiid ;  aimple 
or  multiple  expansLon  ;  single-acUng  or  double-acting ;  rotative  or  tion-ratdtive ; 
duplex  or  single  ;  horlzontnl,  vertica],  or  inclined  ;  locomotive,  GtaLionai;  (pump- 
ing, mill,  power  plant),  or  marine  ;  belted,  direct-conneclocl,  or  ropi'-driven  ;  aSr 
compressora ;  girder,  tangye,  or  Bemi-taiifirye  frames ;  alow,  medium,  or  high  speed  ; 
throttling,  anUimatic,  four-vulve,  or  releasing  gear.  The  Slumpf  uniQow  s^iglne. 
Tlie  power  plant :  feed  pump,  boiler,  engine,  condenser, 
^  _a*Lp 


The  locomotive:  tractive  powers. 


;   adheMon  = 


5  0,25xweighi  an  diireni 


two-cyU:ider  and  four-cylindor  compounds ;  the  balanced  compoiuid ;  high  econ- 
omy of  locotQintive  engines. 

PROBLEMS 

1.  Sliow  f  mm  Art.  426  that  tliu  loss  by  a  throttling  process  is  eqoal  to  the  prod- 
uct of  the  increase  of  entmpy  by  Ihu  absolute  temperature  at  the  end  of  the  procew. 

2.  Ignoring  radiation,  how  fast  are  the  walla  gaining  heat  because  of  tmnsfcn 
during  expansion  in  an  engine  mnning  at  100  r.  p.  m.,  in  which  }  pound  Df  steam  ta 
condensed  per  revolution  ikt  a  tuean  pretumre  of  100  !b.,  and  IJ.30  pound  is  re£vapor»t»d 
at  a  mean  pressure  of  43  Ib.l'     {Ant.,  3637  B.  t.  u.  per  minute). 

3  a.  Plot  curves  representing  the  results  of  the  tests  given  iu  Art.  i3\. 
3  b.  Represent  by  a  curve  the  results  of  the  Barrus  testf.  Art.  430. 

4.  All  other  fnctors  being  tlie  same,  bow  much  less  initial  cundensation,  at  }  cnt> 
off,  should  be  found  in  an  engine  SOJ-'X^S"  than  in  one  7"X7"?     (Art,  437). 

5.  Sketch  a  curve  showing  the  variation  in  engine  efficiency  with  ratio  of  expKik- 

e.  Find  the  perceulnge  of  Initial  condensation  at  \  cut-off  iu  a  non-condtod^ 
engine  using  dry  steam,  nuining  at  100  r.  p.  m.  with  a  preKSiire  at  cut-off  of  120  lb. 
the  engine  being  30i"X48"  (An.  437).  ", 

7.  In  Fig.  193,  asKumlng  the  initial  pressure  to  have  been  100  lb.,  the  ftwd-watar 
temperature  90°  P.,  Itnd  the  approximate  thermal  efficiencies  with  the  various  Bmoulii4< 
of  superheat  at  a  load  of  19  hp. 

B.  In  an  ideal  Clausius  cycle  with  initially  dty  Kteam  between  p=  140  and  p  =  3 
(Art,  417),  by  what  percentage  would  the  efficiency  be  increased  If  the  initial  presrar* 
were  made  160  lb.  f  By  what  percentage  would  it  be  OecTea»ed  If  the  Uiuicr  prosmrs 
were  made  6  lb.  7 

9.  Find  the  mean  effective  pressure  in  the  Ideal  cycle  with  hyperbolic  expaosiiaa 
and  no  clearance  between  pressure  limits  of  130  and  2  lb.,  with  a  ratio  of  uxpainlaB 
of  4.    {Am.,  mA  lb.)  < 

10.  Find  tbe  probable  indicated  horse  power  of  a  doubk'-actlng  eiiglua  witb  IhK 
beat  type  of  valve  gear,  jackets,  Htc.,  opptatlng  as  in  Problem  9,  at  100  r.  p,  m.,  Uw 
cylinder  being  30J"X4S".     (Ignore  tlie  piHtoii  rod.)     {Ann.,  HOT  hpt) 
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11.  In  Problem  9,  what  percentage  of  power  is  lost  if  the  lower  pressure  is  raised 
to  3}  lb.  ? 

12.  By  what  percentage  would  the  capacity  of  an  engine  be  increased  at  an  altitude 
of  10,000  ft.  as  compared  with  sea  level,  at  120  lb.  initial  gauge  pressure  and  a  back 
pressure  1  lb.  greater  than  that  of  the  atmosphere,  the  ratio  of  expansion  being  4  ? 
(Atmospheric  pressure  decreases  }  lb.  per  1000  ft.  of  height.) 

3.  An  engine  has  an  apparent  ratio  of  expansion  of  4,  and  a  clearance  amounting 
to  0.05  of  the  piston  displacement.     What  is  its  real  ratio  of  expansion  ?     (Arts.,  3.5.) 

14.  In  the  dry  steam  Clausius  cycle  of  Problem  8,  by  what  percentage  are  the  ca- 
pacity and  efficiency  affected  if  expansion  is  hyperbolic  instead  of  adiabatic  ?  Discuss 
the  results. 

15.  In  an  engine  having  a  clearance  volume  of  1.0  and  a  back  pressure  of  2  lb., 
the  pressure  at  the  end  of  compression  is 40  lb.  If  the  compressicn  curve  is PV^^  =c 
what  is  the  volume  at  the  beginning  of  compression  ?     (Ana,,  18.28.) 

16.  An  engine  works  between  120  and  2  lb.  pressure,  the  piston  displacement 
being  20  cu.  ft.,  clearance  5  per  cent,  and  apparent  ratio  of  expansion  4.  The  expan- 
sion curve  is  PF' 02  =  0,  the  compression  curve  PFi03=c,  and  the  final  comprecsion 
pressure  is  40  lb.  Plot  the  PF  diagram  with  actual  volumes  of  the  cushion  steam 
eliminated. 

17.  In  Problem  16, 1.825  lb.  of  steam  are  present  per  cycle.  Plot  the  entropy  dia^ 
gram  from  the  indicator  card  by  Boulvin's  method. 

18.  In  Problems  16  and  17,  compute  and  plot  the  entropy  diagram  by  Reeve's 
method,  assuming  the  steam  dry  at  the  beginning  of  compression.  (See  Art.  457.) 
Discuss  any  differences  between  this  diagram  and  that  obtained  in  Problem  17. 

19.  In  a  non-expansive  cycle,  find  the  theoretical  changes  in  capacity  and  economy 
by  raising  the  initial  pressure  from  100  to  120  lb.,  the  back  pressure  being  2  lb. 

{Ans,,  1.2  per  cent  gain  in  capacity :  8.5  per  cent  increase  in  efficiency.) 

20.  A  non-expansive  engine  with  limiting  volumes  of  1  and  6  cu.  ft.  and  an  initial 
pressure  of  120  lb.,  without  compression,  has  its  back  pressure  decreased  from  4  to  2  lb. 
Find  the  changes  in  capacity  and  efficiency.  The  same  steam  is  now  allowed  to  expand 
hyperbolically  to  a  volume  of  21  cu.  ft.  Find  the  effect^s  following  the  reduction  of 
back  pressure  in  this  case.     The  steam  is  in  each  case  dry  at  the  point  of  cut-off. 

{Ana.y  (a)'  1.7  per  cent  increase  in  capacity  and  efficiency ;    (6)  3.2  per  cent 
increase  in  capacity  and  efficiency. 

21.  Find  the  cylinder  dimensions  of  an  automatic  engine  to  develop  30  horse 
power  at  300  r.  p.  m.,  non-condeusinfr,  at  }  cut-off,  the  initial  pressure  being  100  lb. 
and  the  piston  speed  300  ft.  per  minute.     The  engine  is  double-acting. 

22.  Sketch  a  possible  cylinder  arrangement  for  a  quadruple-expansion  engine  with 
seven  cylinders,  three  of  which  are  vertical  and  four  horizontal,  showing  the  receivers 
and  pipe  connections. 

23.  Uidng  the  ideal  combined  diagram  for  a  compound  engine  with  a  constant 
receiver  pressure,  clearance  being  ignored,  what  must  that  receiver  pressure  be  to 
divide  the  diagram  area  equally,  the  pressure  limits  being  120  and  2  and  the  ratio  of 
expansion  16? 

24.  Consider  a  simple  engine  3n}"x4S"  and  a  compound  engine  15J"  and 
30J"X48",  all  cylinders  having  5  per  cent  of  clearance  and  no  compression.  What 
are  the  amounts  of  steam  theoretically  wasted  in  fillmg  clearance  spaces  in  the  simple 


APPLIED  THERMODYNAMICS 


engine  and  in  the  high-pressure  cylinder  of  the  compound,  the  pre: 
Problem  23  l* 

IS.  Take  the  «ame  engines.  The  simple  . 
the  compound  is  as  in  Problems  23  and  21. 
the. simple  engine  und  to  00  lb.  in  the  i 
steam.  By  what  percentages  are  the  work  i 
con^deratlon  ? 


B  being  as  in 

ngine  has  a  rpnl  ratio  of  expansion  of  i; 
Compression  is  lo  be  carried  to  40  lb.  id 
ompound  in  order  to  prevent  vroKte  (if 
reas  reduced  in  the  two  engines  imder 


20.  A  croHS-compound  double-acting  engine  operates  between  preMUio  limits  ol 
120  and  2  lb.  at  100  r.  p.  m.  and  SOD  ft.  piston  speed,  developing  1000  hp.  Find  Lb« 
sizes  of  the  cylinders  tuider  the  following  assumptions,  there  being  no  drnp:  (a)  dU- 
gism  factor  0.85,  20  expansions,  receiver  pressure  24  lb,  ;  (6)  diagram  (actor  0.S5, 
20  expansions,  work  equally  divided  ;  (c)  diagram  factor  0.85, 1^0  expansions,  cylinder 
ratio  5;  I ;  (d)  diagram  factor  0,83,  32  expansions,  work  equally  divided.  Find  the 
power  developed  by  each  cylinder  in  (n)  and  {e).  Find  the  sixe  of  the  cylinder  of  the 
equivalent  simple  engine  having  a  diagram  factor  of  0.80  vrith  20  expansions.  Draw 
up  a  tabular  statement  of  the  fiva  designs  and  discusa  their  comparative  merits. 

27.  In  Problem  26,  Case  (a),  the  receiver  volume  being  equal  to  that  of  the  low- 
pressure  cylinder,  lind  graphically  and  analytically  the  point  of  cut.oCf  on  the  low- 
presBure  cylinder. 

28.  Trace  the  combined  diagram  tor  one  end  of  the  cylinder  from  the  firat  set  o! 
cards  in  Fig.  2.30,  assuming  the  clearance  in  each  cylinder  to  have  been  IS  per  cent 
of  the  piston  displacement,  the  cylinder  ratio  3  to  1,  and  the  preaaare  Bcalea  of  boUi 
cards  to  be  the  same. 

29.  Show  on  the  entropy  diagram  the'  effect  of  reheating. 

30.  In  Art.  483.  what  vtas  the  Camot  efBciency  of  the  Joase  engine  ?  Amiming 
It  to  have  been  used  in  combination  witli  a  gas  engine,  the  maximum  temperature  in 
the  latter  being  3000°  F.,  by  what  approximate  amount  might  the  Carnot  efficiency 
of  the  former  have  been  increased  ?  (The  temperature  of  saturated  sulphur  dioxide 
at  35  lb.  preesure  ia  62°  F.) 

3t.  An  indicator  diagram  has  an  area  of  82,192.5  foot-pounds.  What  is  the 
mean  effective  pressure  if  the  engine  is  30J"X*8"  ?  What  is  the  horse  power  of  thia 
engine  if  it  runs  double-acting  at  100  r.  p.  m.  ?     {Ant.,  28.1  lb.  i  4gs  hp.} 

32,  Given  points  I,  2  on  a  hyperbolic  curve,  such  that  T,— F,-15,  P,— 120, 
/',  =  34.3,  find  the  OP-axis, 

33.  An  engine  develops  500  hp.  at  full  load,  and  62  hp.  when  merely  rotating  lt« 
wheel  without  exienial  load.     What  is  its  mechanical  efficiency  ?     {An*.,  0.876.) 

34.  Steam  at  100  lb.  pressure  Is  mixed  with  water  at  100°.  The  weight  of  water 
tncreftKew  from  10  to  11  lb,,  and  Its  temperature  rises  to  107)°.  What  waa  the  per- 
centage of  dr3^eBS  of  the  stenm  ?     [Ana.,  95  per  cent.) 

35,  The  same  steam  is  condensed  in  and  discharged  from  a  coil,  its  teniperatura 
becoming  210°,  and  10  lb.  of  aurroundtng  water  rise  in  temperature  from  100°  to  204)*. 
Find  the  quality  of  the  steam.  What  would  have  been  an  eaaler  way  of  detennlnbiK 
the  quality  ? 

30.  What  is  the  maximum  percentage  of  wetness  that  can  be  measured  in  a  throtr 
tlmg  calonuieter  in  steam  at  100  lb.  pressure,  it  the  discharge  pressure  is  30  )b,  ? 

(An»..  2.5  per  cent.) 
37.  Steam  at  100  lb.  pressure  has  added  to  it  from  an  external  source  30  B.  t,  u. 
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per  pound.    It  is  throttled  to  30  lb.  preasure,  its  temperature  becoming  270.3*. 
What  was  its  dryness  ?     {Ans  ,  0.955.) 

33.  Under  the  pressure  and  temperature  conditions  of  Problem  37,  the  added  heat 
is  from  an  electric  current  of  5  amperes  provided  for  one  minute,  the  voltage  falling 
from  220  to  110.  What  was  the  amount  of  heat  added  and  the  percentage  of  dryness 
of  the  steam  ?     (See  Art.  494.)     (Ana.,  95.4  per  cent.) 

39.  An  engine  consumes  10,000  lb.  of  dry  steam  per  hour,  the  moisture  having 
been  completely  eliminated  by  a  receiver  separator  which  at  the  end  of  one  hour  is 
found  to  contain  285  lb.  of  water.  What  was  the  dryness  of  the  steam  entering  the 
separator  ?    {Ana,,  97.2  per  cent.) 


A  double-acting  engine  at  100  r.  p.  m.  and  a  piston  speed  of  800  feet  per  minute 
gives  an  indicator  diagram  in  which  the  pressure  limits  are  120  and  2  lb.,  the  volume 
limits  1  and  21  cu.  ft.  The  apparent  ratio  of  expansion  is  4.  The  expansion  curve 
follows  the  law  PF*-W=c.  Compression  is  to  40  lb.,  according  to  the  law  PF^-OSasc. 
Disregard  roimded  comers.  The  boiler  pressure  is  130  lb.,  the  steam  leaving  the 
boiler  is  dry,  the  steam  at  the  throttle  being  95  per  cent  dry  and  at  120  lb.  pressure. 
The  boiler  evaporates  26,500  lb.  of  steam  per  hour ;  2000  lb.  of  steam  are  supplied  to 
the  jackets  at  120  lb.  pressure.  The  engine  runs  jet-condensing,  the  inlet  water 
weighing  530,000  lb.  per  hour  at  43.85'  F.,  the  outlet  weighing  554,000  lb.  at  90*  F. 
The  coal  burned  is  2700  lb.  per  hour,  its  average  heat  value  being  14,000  B.  t.  u. 
Compute  as  follows : 

40.  The  mean  effective  pressure  and  indicated  horse  power.  (Note.  The  work 
quantities  under  the  curves  must  be  computed  with  much  accuracy.) 

(^ns.,  68.571b.;  1196.8  hp.) 

41.  The  cylinder  dimensions  of  the  engine.     (Ana,,  30.24  by  48  in.) 

42.  The  heat  supplied  at  the  throttle  per  pound  of  cylinder  and  jacket  steam,  and 
the  B.  t.  u.  consumed  per  Dip.  per  minute  ;  the  engine  being  charged  with  heat  above 
the  temperatures  of  the  respective  discharges. 

43.  The  dry  steam  consumption  per  Ihp.-hr.,  thermal  eflSciency,  and  work  per 
pound  of  dry  steam. 

44.  The  Camot  efficiency,  the  Clausius  efficiency,  and  the  efficiency  ratio,  taking 
the  limiting  conditions  as  at  the  throttle  and  the  condenser  outlet. 

45.  The  cylinder  feed  steam  consumption  computed  as  in  Art.  500 ;  the  consump- 
tion thus  computed  but  assuming  x  =  0.80  at  release,  x=  1.00  at  compression.  Com- 
pare with  Problem  43. 

46.  The  percentage  of  steam  lost  by  leakage  (all  leakage  occurring  between  the 
boiler  and  the  engine) ;  the  transmissive  efficiency  ;  the  unaccounted-for  losses. 

47.  The  duty,  the  efficiency  of  the  plant,  and  the  boiler  efficiency. 

48.  The  heat  transfers  and  the  loss  of  heat  by  radiation,  as  in  Art.  504,  assuming 
zs  1.00  at  compression.  Compare  the  latter  with  the  unaccounted-for  heat  obtained 
fn  Problem  46. 

49.  The  value  of  the  mechanical  equivalent  of  heat  which  might  be  computed 
from  the  experiment.     (/»i8.,  720.) 
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50.  Explain  the  meaning  of  the  figure  2068.84  in  Art.  503. 

51.  Revise. Fig.  233,  showing  the  arrangement  of  machinery  and  piping  if  a  ntr- 
face  condenser  is  used. 

52.  A  locomotive  weighmg  2u0,000  lb.  carries,  normally,  60  per  cent  of  its  weight 
on  its  drivers.  The  cylinders  are  19"X26",  the  wheels  66"  in  diameter.  What  is 
the  maximum  boiler  pressure  that  can  be  profitably  utilized  ?  If  the  engine  has  a 
traction  increaser  that  may  put  12,000  lb.  additional  weight  on  the  drivers,  what 
maximum  boiler  pressure  may  then  be  utilized  ? 

53.  Represent  Fig.  217  on  the  PV  diagram. 

54.  Find  the  steam  consumption  in  lb.  per  Ihp.-hr.  of  an  ideal  engine  working  in 
the  Clausius  cycle  between  absolute  pressures  of  150  lb.  and  2  lb.,  the  steam  contain- 
ing 2  per  cent  of  moisture  at  the  throttle.     What  is  tlie  thermal  efficiency  ? 

55.  What  horse  power  will  be  given  by  the  engine  in  Problem  10  if  the  ratio  of 
expansion  is  made  (a)  5,  (b)  3  ? 

56.  If  an  engine  use  dry  steam  at  150  lb.  absolute  pressure,  what  change  in 
efficiency  occurs  when  the  back  pressure  is  reduced  from  2  to  }  lb.  absolute,  if  the 
ratio  of  expansion  is  30  ?    If  the  ratio  of  expansion  is  100  ? 


CHAPTER  XrV 


THE  STEAM  TURBINE 

512-  The  Tnrblna  Principle.  Figure  233  nhows  the  method  of  neing  steam  in 
a  typical  impulse  turbine.  The  expaitding  noiilea  dischai^e  a  jet  of  ntvaiii  nt  liigh 
velocity  and  low  pleasure  against 
the  blades  or  badceta,  the  im- 
pulse of  the  steam  causing  ro- 
tation. We  have  here,  not 
expansion  of  high  pressure  steam 
against  a  piston,  as  in  the  ordi- 
nary engine,  but  utilization  of 
the  kinetic  energy  of  a  rapidly 
flowing  stream  to  produ(»  move- 
ment One  of  the  asaunipttons 
of  Art.  U  can  now  no  longer 
hold.  All  of  the  expansion  oc- 
curs in  the  noxxle )  the  expansion 
produces  velocity,  the  vtloeilg  does 
work.  The  lower  the  pressure 
at  which  the  steam  leaves  the  uozile,  the  greater  is  the  velocity  attained.  It  will 
presently  be  shown  that  to  fully  utilize  the  energy  of  velocity,  the  buckets  must 
themselves  move  at  a  speed  proportionate  to  that  of  the  steam.  This  invuUes  ex- 
tremely high  rotative  speeds. 

The  steps  in  the  design  of  an  impulse  turbine  are  (o)  determination 
of  the  velocity  produced  by  expansion,  (6)  computation  of  the  nozzle 
dimeDsioDs  necessary  to  give  the  desired  expansion,  and  (c)  the  propor- 
tioning of  the  buckets. 

513.  Expanalve  Path.  There  is  a  gradual  fall  of  pressure  while  the 
steam  passes  through  the  nozzle.  With  a  given  initial  pressure,  the  pres- 
sure and  temperature  at  any  stated  point  along  the  nozzle  should  never 
change.  There  is,  therefore,  no  tendency  toward  a  transfer  of  heat  be- 
tween steam  and  walls.  Further,  the  extreme  rapidity  of  the  movement 
gives  no  time  for  such  transfer ;  so  that  the  pi'ocess  in  the  nozzle  is  truly 
adiabatic,  although  friction  renders  it  non-isen tropic.  The  first  problem 
of  turbine  design  is  then  to  determine  the  changes  of  velocity,  volume, 
temperature  or  dryness,  and  pressure,  during  such  adiabatic  expansion, 
for  a  vapor  inttiaUy  wet,  dry,  or  su|)erbeated ;  the  method  may  be  accu- 
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rate,  approximate  (exponential),  or  graphical    The  results  obtained  are 
to  include  the  effect  of  nozzle  friction. 

514.  The  Turbine  Cycle.  Taking  expansion  in  the  turbine  as  adiabatic 
and  as  carried  down  to  the  condenser  pressure,  the  cycle  is  that  of  Clausius, 
and  is  theoretically  more  efficient  than  that  of  any  ordinary  steam  engnne 
working  through  the  same  range.  The  turbine  is  free  from  Josses  due  to 
interchange  of  heat  with  the  tvalls.    The  practical  losses  are  four : 

(a)  Friction  in  the  nozzles,  causing  a  fall  of  temperature  without  the 
performance  of  work ; 

(6)  Incomplete  utilization  of  the  kinetic  energy  by  reason  of  the 
assumed  blade  angles  and  residual  velocity  of  the  emerging  jet  (Art.  528); 

(c)  Friction  along  the  buckets,  increasing  as  some  power  of  the  stream 
speed ; 

(d)  Mechanical  friction  of  journals  and  gearing,  and  friction  between 
steam  and  rotor  as  a  whole. 


515.  Heat  Loss  and  Velocity.  In  Fig.  236,  let  a  fluid  flow  adiabaticaJly 
from  the  vessel  a  through  the  frictionless  orifice  6.  Let  the  internal  en- 
ergy of  the  substance  be  e  in  a  and  J^  in  6 ;  the 
velocities  v  and  F;  the  pressures  p  and  P;  and 
the  specific  volumes  to  and  W.  If  the  velocities 
could  be  ignored,  as  in  previous  computations. 
the  volume  of  each  pound  of  fluid  in  a  would 
decrease  by  w  in  passing  out  at  the  constant 
pressure  /) ;  and  the  volume  of  each  pound  of 
fluid  in  b  would  increase  bv  W  at  the  constant 
pressure  P.  The  net  external  work  done  would 
be  PW—pK\  the  net  loss  of  internal  energy  e  —  E,  and  these  two  quan- 
tities would  be  equal.  With  appreciable  velocity  effects,  we  must  also 
consider  the  kinetic  energies  in  a  and  b ;  these  are 


Fkj.  2:50.     Art.  ni.').    -  Flow 
Ihroujjh  Orifice. 


and  we  now  have 


and  — ; 


{E-e)^{PW-2nc)^(T 


9 


0, 


T- 


V 


E-^PW-]--]-  =  e-\-pio  +  -^, 


n 


or 


il  -  T-  =  pic  -  PW+  e-E. 
29     -'f/ 
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Let  X,  CT,  JT,  M^  and  x^  te,  A,  r,  be  the  dryness,  increase  of  vol- 
ume during  vaporization,  heat  of  liquid,  and  internal  latent  heat,  at 
PW'Awdpw  respectively ;  let «  be  the  specific  volume  of  water ;  then 
for  expansion  of  a  vapor  from  pw  to  P  PT  within  the  saturated  region, 

^-^^pCxu  +  s^^PCXU+s^  +  h  +  xr-H-XB 
2ff      2ff 

in  which  9,  Q  represent  total  heats  of  wet  vapor  above  32  degrees. 
If  expansion  proceeds /rom  the  superheated  to  the  saturated  region^ 

Y^-^^pK^  +  9">  +  (y>-ri)\^PiXU^s^~\-h  +  r 

in  which  n  =  u  +  «  is  the  volume  of  saturated  steam  at  the  pressure  ^, 
w  is  the  volume  of  superheated  steam,  and 

p(w  —  n) 

y-i 

is  the  internal  energy  measured  above  saturation.*  This  also  re- 
duces to  q—  Q  +  s(^p  —  P),  where  q  is  the  total  heat  in  the  super- 
heated steam,  and  the  same  form  of 
expression  will  be  found  to  apply  to 
expansion  wholly  in  the  superheated 
region.  The  gain  in  kinetic  energy 
of  a  jet  due  to  adiabatic  expansion  to 
a  lower  pressure  is  thus  equivalent  to 
the  decrease  in  the  total  heat  of  the 
steam  plus  the  work  which  would  be 
required  to  force  the  liquid  back 
against  the  same  pressure  head.  In 
Fig.  237,  let  06,  AB^  CD,  represent  the  three  paths.  Then  the 
losses  of  heat  are  represented  by  the  areas  dabc^  deABc^  deCDfc. 

*  For  any  gas  treated  as  perfect,  the  gain  of  internal  energy  from  tVo  T\a 

y  y-l  y-l 

or  in  this  case,  since  internal  energy  is  gained  at  constant  pressure, 

y-l 


_ N 

Fig.  237.    Art.  515.  —  Adiabatic  Heat 

Drop. 
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The  term  fi(p  — P)  being  ordinarily  negligible,  these  areas  also  rep- 
resent the  kinetic  energy  acquired,  which  may  be  written 
V2     ^ 

In  the  turbine  nozzle,  the  initial  velocity  may  also,  without  serious 
error,  be  regarded  as  negligible;  whence 

2^  =9  -Q  or  V=Va0im.2iq  -Q)=223.SWq^  feet  per  second. 

616.   Computation  of  Heat  Drop.   The  value  of  </  —  Q  may  be  determined 

for  an  adiabatic  patli  between  stated  limits  frmu  tlie  entropy  diagram, 
Fig.  175,  or  from  the  Mollier  diagram,  Fig.  177.  Tlius,  fi-oiu  the  last 
named,  steara  at  100  lb.  absolute  pressure  and  at  500'  F.  contains  127S 
B.  t.  u.  per  pound;  steam  85  per  cent  dry  at  3  lb.  absolute  pressnro 
contains  973  B.  t.  u.  Steam  at  150  lb.  absolute  pressure  and  COO"  ¥.  con- 
tains 1317  B.  t.  u.  If  it  t-Kjiand  adiahatically  to  2.5  lb.  absolute  pressure, 
its  condition  becomes  88  per  cent  dry,  its  heat  contents  1000  B.  t.  n.,  audi 
tbe  velocity  produced  is 

223.84 V317  =.3980  ft.  per  second. 

517.  Vacuum  and  Superheat.  The  entropy  diagram  indicates  the  nota- 
ble gain  due  to  liigli  vacua  aud  superheat.  Comparing  dry  steam  expanded 
from  150  lb.  to  i  lb.  absolute  pressure  with  the  same  steam  superheated 
to  COO"  and  expanded  to  2.5  lbs.  absolute  pressure,  we  fiml  q  —  Q  in  the 
former  case  to  be  248  B.  t.  u.,  and  in  the  latter,  317  B.  t.  u.  The  corrfr 
spending  values  of  V  arc  3530  and  3980  ft.  per  second.  The  turbine  ia 
peculiarly  adapted  to  realize  the  advantages  of  wide  ratios  of  expansion.. 
These  do  not  lead  to  an  abnormally  large  cylinder,  as  in  ordinary  engines): 
the  "toe"  of  the  Clausius  diagram,  Fig.  184,  ia  gained  by  allowing  tho 
steam  to  leave  the  nozzle  at  the  condenser  pressure.  Superheat,  also,  ii 
not  utilized  merely  in  overcoming  cylinder  condensation;  it  increases  the 
available  "fall"  of  heat,  practically  without  diminution. 

518.  Effect  of  Friction.  If  tbe  steam  emerging  from  the  nou-lti  were  brought 
liock  to  rest  in  a  clcjsed  cLumber,  the  kinetiu  energy  would  be  reconverted  inW 
heat,  03  in  a  wiredrawiDg  prouessi,  and  the  expanded  steam  would  become  aupe^ 
heated.  Wntkinsuu  litM,  in  (act,  suggested  thiH  (1)  as»  method  of  supei-hosti^ 
steam,  the  water  being  iri(fchaiii<iaUy  removed  at  the  end  of  ux|iaii»>ian,  before  f* 
uonveraion  to  lient  began.  In  the  nozzle,  in  preu-'ticu.  the  frietion  of  the  ateam 
against  (he  wails  dmts  luiitiiilly  cimvcirt  the  velocity  energy  liack  to  heat,  anil  tlw 
heat  drop  aud  velocity  are  both  less  than  in  the  ideal  case. 

The  efficiencies  of  noizles  vary  accordinu  to  (he  design  from  0.00  to  0.97.  Tim 
corresponding  variation  in  ratio  of  actual  to  ideal  velocity  ia  0.95  to  0.99. 
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In  Fig.  238,  for  adiabatic  expansion  from  />,  v,  g,  to  P,   F,  Q,  the 
velocity  imparted  is 

223.84  V^^^.  ^ 

During  expansion  from  p,  v,  g,  to  P^,  Fi,  Qi, 
the  velocity  imparted  is 


,p«».ff^ 


P.V.Q. 


P,  Y   Q 


Fiu.  238.  Art.  518.  —  Abiabatic 
Expansion  with  and  without 
Friction. 


223.84  ^^q^^i. 

Since  Fi  exceeds  F,  the  steam  is  more  nearly 
dry  at  Fj;  i.e.  Qi  exceeds  Q.  The  loss  of 
energy  due  to  the  path  pvq  —  PiViQi  as 
compared  with  peg  —  PVQy  is 

in  which  X*  is  the  difference  of  the  squares  of  the  velocities  at  Q  and  Qj. 

This  gives  X*  =  50103.2  (Qi  -  Q).     In  Fig.  239,  let  NA  be  the  adiabatic 

path,  XX  the  modified  path  due  to  fric- 
tion. XZ  represents  a  curve  of  constant 
total  heat ;  along  this,  no  work  would  be 
done,  but  the  heat  would  steadily  lose  its 
availability.  As  XX  recedes  from  XA 
toward  XZ,  the  work  done  during  expan- 
sion decreases.  Along  XA,  all  of  the  heat 
lost  (area  FITXA)  is  transformed  into 
work;  along  XZ,  no  heat  is  lost  and  no 
work  is  done,  the  areas  BFIIXC  and 
BFZD  being  equal.     Along  XX,  the  heat 

transformed    into   work    is   BFIIXC  -  BFXE  =  FHXA  -  CAXE,  less 

than  that  during  adiabatic  expansion  by  the  amount  of  work  converted 

back  to  heat.     Considering  expansion  from  Xto  Z, 


Fio.    239.       Art.    r»l 8.  —  Expansive 
*  Path  as  Moditied  by  Friction. 


F=  223.84  V^-  ^1=0, 

since  g  =  Q|.     Nozzle  friction  decreases  the  heat  drop,  the  final  yelocity 
attained,  and  the  external  work  done. 


519.  Allowance  for  Friction  Loss.  For  the  present,  we  will  assume 
nozzle  friction  to  reduce  the  heat  drop  by  10  per  cent.  In  Fig.  240,  which 
is  an  enlarged  view  of  a  portion  of  Fig.  177,  let  AB  represent  adiabatic 
(isentropic)  expansion  from  the  condition  ^1  to  the  state  B.     Lay  off 

^^-lo' 
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and  draw  the  line  of  constant  heat  CD, 


Then  D  is  the  equivalent  final 
state  at  the  same  pressure 
as  that  existing  at  By  and 
AC  represents  tlie  heat 
drop  corrected  for  friction. 
Similarly  by  laying  off 

AH 


HG  = 


10 


and  drawing  OE  to  inter- 
sect the  35-1  b.  pressure 
line,  we  find  the  point  E 
on  the  path  AD  of  the 
steam  through  the  nozzle. 
We  may  use  the  new  heat 
drop  thus  obtained  in  de- 
termining F;  or  generally, 


n  if  m  is  the  friction  loss, 

Fig.  240.    Arts.  519,  524,  525, 532,  5:34.  —  The  Steam  Path  ™ 

of  the  Turbine.  iL  _.  (1  ^m)(q^Q) 

if 


and 


F=  223.84  VI  -  m  V^  -  Q. 


If  m  =  0.10,  V  =  212.42  Vq  -  Q. 

520.    Analytical  Relations.     The  influence  of  friction  in  determining  the  final 

condition  of  the  steam  nuiy  be  examined  analytically.  For  example,  let  the  initial 
condition  be  wet  or  dry;  then  friction  will  not  ordinarily  cause  suj>erheating,  so 
that  the  steam  will  remain  satunited  throughout  expansion.  Without  friction,  the 
final  dryness  Xq  would  be  given  by  the  ecjualion  (Art.  392), 

,         /       xl      x.,L. 

i<'t^  r+  ,-  .;."• 

Friction  causes  a  return  to  the  steam  of  the  quantity  of  heat  m(q  —  Q).  This  in- 
creases the  final  dryness  by  —^^  ~-—^i  making  it 


rn{ 


Xo  = 


^Y<>g4+7}+'"(^-^) 


If  the  initial  condition  is  superheated  to  ^,  and  the  final  condition  saturated, 
adiabatic  expansion  would  give 

and  friction  would  make  tlie  final  condition 


?'  ^  log.  i  +  '  +  i-  '"S.  ^1  +  m(q  -  Q) 


X^  = 


{ 


t 


I 
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If  the  steam  is  superheated  throughout  expansion,  we  have  for  the  final  tem- 
perature T„  without  friction, 

'og«^  +  -  +  A;log/'  =  ^  +  A;ologey, 
in  which  the  value  of  k^  must  be  obtained  by  successive  approximations. 

521.  Rate  of  Flow.    For  a  flow  of  G  pounds  per  second  at  the  velocity  F,  when 

GW 
the  specific  volume  is  TV,  the  necessary  cross-sectional  area  of  nozzle  is  i^  =  — — - . 

The  values  of  W  and  V  may  be 
read  or  inferred  from  the  heat 
chart  or  the  formulas  just  given. 
In  Fig.  241  (2),  let  ah  represent 
frictionless  adiabatic  expansion 
on  the  TN  plane,  a'h'  the  same 
process  on  the  PV  plane.  By 
finding  q^  and  values  of  Q  at 
various  points  along  a/>,  we  may 
obtain  a  series  of  successive 
values  of  F.  The  correspond- 
ing values  of  W  being  read  from 
a  chart  or  computed,  we  plot  the 
curve  MN,  representing  the  re- 
lation of  specific  volume  and 
velocity  throughout  the  expan- 
sion. Draw  ^y  parallel  to  OW^ 
Tnaking  Oy  =  G,  to  some  con- 
venient scale.     Draw  any  line  OD  from  O  to  MNy  intersecting  yi/  at  k.    From 

GW 

similar  triangles,  yk : yO ::  On: nDj  or  yk  =--  =z F, 

To  find  the  pressure  at  any  specified  point  on  the  nozzle,  lay  off  yk  =  F,  draw 
OkDf  Dn,  and  project  z  to  the  PT  plane.  The  minimum  value  of  F  is  reached 
when  0Z>  is  tangent  to  MN.  It  becomes  infinite  when  V  =  0.  The  conclusion 
that  the  cross-sect ion^l  area  of  the  nozzle  reaches  a  minimum  at  a  certain  stage  in  the 
expansion  will  be  presently  verified. 

522.  Kaximum  Flow  (2a).    For  a  perfect  gas, 

.  _    pfr      p,       PW 
y-1  y-1 

If  the  initial  velocity  be  negligible,  we  have,  as  the  equation  offiow  (Art.  515), 

\ 

P. 


Fig.  241.    Art.  521.  —  Graphical  Determiuation  of 

Nozzle  Area. 


and  since 


r=^^''^^=KiFr=^Kf)' 
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Then 

i^'^A[-!-(r)]-'Ai'-{?ri- 

From  Art.  521, 

Taking  the  value  of  I' at 


pF. 


This  teaches  s  maximum,  for  air,  when' P  ^p  =  O.Jf74  (3).  Tbe  velocity  is  then 
equal  to  thut  i>f  sound.  Fur  dry  (tteatu,  ou  the  asmmplion  that  y  =  1.135,  kud 
that  the  aboye  relations  apply,  the  ratio  for  maiimum  flow  b  0.577. 

Using  the  value  juat  given  for  the  ratio  P  -*-  p,  with  y  =  1.40S,  the  equation 
for  G  aiuplifles  to 


G  =0.4 


""Wi". 


the  equation  of  How  of  a  permanent  g»,t,  which  has  been  closely  confirmed  hj 

experiment.  With  steam,  tlip  ratio  of  the  specific  heata  is  more  variable,  anil  the 
ratio  of  presaurefl  bus  not  be^n  as  well  confirmed  experimentally.  Close  appraxi< 
niatioQB  have  been  made.  Claike  (i).  for  example,  shows  masimutn  flow  with 
saturated  steam  to  occur  at  an  average  ratio  of  0.5S.  The  pre^ure  uf  [uaximum 
flow  determines  the  minimum  or  throat  diameter  of  the  nozzle,  which  is  independ' 
ent  of  tbe  discharge  pressure.  The  emerging  velocity  may  be  greater  than  that 
in  the  throat  if  the  steam  is  allowed  t«  futther  expand  after  passing  the  throtU 
Tlie  nozzle  should  in  all  cases  continue  beyond  the  throat,  either  straight  or  ex- 
pandiug.  if  the  khietic  energy  is  all  to  be  utilized  in  the  direction  of  flow. 

In  all  cases,  the  steam  velocity  theoretically  attained  at  the  throat  of  the  nccsle 
will  be  H50  ft.  per  second. 

523-  Experimenta,     Many  experiments  have  been  made  on  the  flow  of  fluids 

through  nozulea  and  orificea.  Those  of  Jones  and  Rathbope  (o),  Rosenhaio  (6), 
Guterrauth  (7).  Napier  (8),  Eateau  (fl),  Ilnll  (1(1).  Wilson  (11).  Kunliar.U  (12), 
Buchner  (13),  Rueass  (14),  Lewicki  (15).  Durl«y  (19).  and  chiefly,  perhaps,  IIhmo 
of  Stodola  (17).  should  be  studied.  There  Lt  room  for  further  advance  in  our 
knowledge  of  the  friction  losses  in  noiutles  of  various  proportions.  There  are  sev- 
eral methods  of  experimentation:  the  ateam,  after  passing  the  orifice,  may  lie  con- 
densed and  weighed ;  tlie  pressure  at  various  points  in  the  nozzle  may  bo  measuird 
by  side  orificesor  by  a  searching  tube;  or  the  reaction  or  the  impulse  of  the  Ht«ara 
at  its  escape  may  be  measured.    Tbe  velocity  cannot  be  measured  directly. 
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A  greater  rale  ot  flow  ia  obtainable  through  an  orifice  in  a  tliin  plate  (Fig. 
242)  than  tlirough  an  expanding  nozzle  (Fig-  24;1)-     For  pressures  under  60  Ib^ 
with  discharge  into  the  attitosphere,  the  plain  orifice  is  more  efficient 
in   producing   Telocity.       For   wider  pressure   ranges,  a  divergent 
nozzle  is  necessary  to  avoid  deferred  expansion  occurring  after 
emergence.     Expansion  should  not,  however,  be  carried  to  a  pies- 
sure  lower  than  that  of  discharge.     The  ral«  of  flow,  but  not  the 
emerging  velocity,  depends  upon  the  shape  of  the  inlet;   a  slightly 
rounded  edge  (Fig.  243)  gives  the  greatest  rate ;  a  greater  amount   p,Q  242.   Art. 
of  rounding  may  be  Less  desirable.     The  experimentally  observed     ii23. — Divarg- 


critical  pressure  ratio  (— ,  ArL  5221  ranges  with  i 


I  fluids 


Ing  Orifice. 


from  0.50  to  0.85.  Maximum  flow  occurs  at  the  lower  ratios  with  rather  sharp 
comers  at  the  entrance,  and  at  the  higher  ratios  when  a  long  divergence  occurs 

beyond  the  throat,  as  in  Fig.  243.    The  "most  efficient" 

nozzle  will  have  different  proportions  for  diSereut  pressut« 
The  pressure  is,  in  general,  greater   at  all  points 

along  the  nozzle  than  theory  would  indicate,  on  account  of 
Fio.  343.  Arts,  B23,  friction ;  the  excess  is  at  first  slight,  but  increases  more  and 
~~"  —  '•'P^no'iK  more  rapidly  during  the  passage.     Most  experiments  have 

necessarily  been  made  on  very  small  orifices,  discharging  to 
the  atmaipheie.  The  friction  losses  in  larger  orifices  are  probably  lesa.  The 
experimental  method  should  include  at  least  two  of  the  measurements  above 
mentioned,  these  checking  each  other.  The  theory  of  the  action  in  the  nozzle 
has  been  presented  by  Heck  (18).  Zeuner  (19)  has  discussed  the  flow  of  gases  to 
and  from  the  atmosphere  (20),  both  under  adialjatic  and  actual  conditions,  and 
the  efflux  of  gases  in  general  through  orifices  and  long  pipes. 


fi24.   Types  of  Turbine.     The  single  stage  impolse  turbine  of  Fig. 
235  is  that  of  De  Laval.     Its  action  is  illustrated  iQ  Fig.  244.     The 
pressure  falls  in  the  nozzle,  and   remains 
constaut  Id  the  buckets.     The  Curtis  and   i 
......,■.<    Rateau    turbines 

use    a     series    of 

wheels,    with    ex- 
panding   nozzles 

between    the     va-   ' 

rious  series  (Figs. 

245,  246).     The  steam  is  only  partially  ex- 
— Curtis  panded  in  each  nozzle,  until  it  reaches  the 

last  one.  Such  turbines  are  of  the  multl' 
stage  impolse  type.  During  passage  through  the  blades,  the  ve- 
locity decreases,  while   the   pressure   remains   unchanged.     In  the 
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pressure  turbiae  of  ParsonH,  there  are  no  expanding  nozzles ;  th* 
steiim  pisses  successively  through  the  stationary  guide  vanes  O-,  g, 
i^  and  movable  wheel  bucketa,  W,  w.  Fig.  247. 
A  gradual  fall  of  pressure  occurs,  the  buck< 
ets  being  at  all  times  full  of  steum.  Iq 
impulse  turbines,  the  buckets  need  not  bq 
full  of  steam,  and  the  iireasure  drop  occurs 
Pra   3M>     Art   -134 -Raiesu   in  the  nozzle  only, 

rurbiiie.  ,    ,  .  111. 

A  lower  rotative  speed  results  from  tho 

use  of  several  pressure  stages  with  expanding  nozzles.  Let  tlie 
total  heat  drop  of  317  B.  t.  u.,  in  Art. 
516.  he  divided  into  three  stages  by  three 
sets  oE  nozzles.  The  exit  velocity  from 
each  nozzle,  corrected  for  friction,  is 
then  212.42V^^^0'=  2180  ft.  per  sec- 
ond, instead  of  3980  ft.  per  second ;  lay- 
ing off  in  Fig.  240  the  three  equal  heat 
drops,  we  find  that  the  nozzles  expand  between  150  and  50,  fiO  and 
1.3,  and  ISanda.ri  lb.  respectively.  The  rotative  speeds  of  (he  wheels 
(proportional  to  the  emt;rging  velocities).  Art.  528,  are  thus  mluced. 

525.   Noxzle   Proportions ;   Volumes.     The    epet^ifio    voluitie     IP  of    tha 

steam  at  any  ]ioiut  aloiif^  the  path  Ali,  Fig.  240,  haviag  been  obtained 
from  inspection  of  the  entropy  chart,  or  from  the  equation  of  eonditimi, 
and  the  veloeity   V  at  the  same  point  having  been  computed  frum  tbs 

heat  drop,  the  cross-sectional  area  of  the  nozzle,  in  square  feet,  is  P=i— - 
(Art.  521).  Finding  values  of  f  for  various  points  aloug  the  expansivf 
path,  ive  may  plot  the  nozzle  as  in  Fig.  243,  making  the  horizontal  inter- 
vals, ab,  hi:,  cd,  etc.,  such  that  the  angle  between  the  diverijing  sides  is 
about  10°,  following  standard  practice.*  It  has  b^en  shown  that  ^'reaches 
a  minimum  value  when  the  pressure  is  about(0.57  ,tof  the  initial  pres- 
sure, ami  then  increases  as  the  pressure  faU».-Jflrtiier.  If  the  lowest 
pressure  eseeeda  0.57  of  the  initial  pressure,  the  nozzle  converges  toward 
tlie  outlet.  Otherwise,  the  nozzle  converges  and  afterwards  expands,  as 
in  Fig.  243.  Let,  in  such  case,  o  be  tlie  minimum  diameter,  0  the  outlet 
diameter,  L  the  length  between  these  dianieters;  then  for  an  angle  of 
10°  between  the  sides,  —  —  —  =  i  tan  5",  or  L  =  5,71.5(0  —  o). 

*  A  Vbtiiible  taper  may  be  used  to  gtve  conxlntit  Bcceleratiun  of  tlie  Hisam 
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526.  Work  Done.  The  work  done  in  the  ideal  cycle  per  pound 
of  sleaiii  is  778(j  —  Q)  foot-pounds.  Since  1  horse  power  =  1,980,000 
foot-pounds  per  hour,  the  steam  consumption  per  hp.-hr.  is  theoreti- 
cally 1,980,000  H- 778(9 -C)  =  2545  H-(9-C).  I^  ^  ^^  *he  effi- 
ciency  ratio  of  the  turbine,  from  steam  to  buckets,  and  e  the 
etliciency  from  steam  to  shaft,  then  the  actual  steam  consumption 
j)er  indicated  horse  power  is  2545  h-  JE(^q  —  ^),  and  per  brake  horse 
power  is  2545  h-  e(j  —  Q^  pounds.  The  modifying  influences  of  nozzle 
and  bucket  friction  in  determining  ^are  still  to  be  considered. 

627.  Relative  Velocities.  In  Fig.  248,  let  a  jet  of  steam  strike 
the  bucket  A  at  the  velocity  r,  the  bucket  itself  moving  at  the  speed 
u.  The  velocity  of  the  steam  rela- 
tive to  the  bucket  is  then  repre- 
sented in  magnitude  and  direction 
by  V.  The  angles  a  and  «  made 
with  the  plane  of  rotation  of  the 
bucket  wheel  are  called  the  absolute 
entering  and  relative  entering  angles 
respectively.  Analytically,  sin  e  =  v 
sin  a  H-  FI  The  stream  traverses 
the  surface  of  the  bucket,  leaving  it  with  the  relative  velocity  a/, 
which  for  convenience  is  drawn  as  x  from  the  point  0.     Without 

bucket  friction,  x  =  V.  The 
angle  /  is  the  relative  angle  of 
exit.  Laying  off  u,  from  z,  we 
find  Y  as  the  absolute  exit  ve- 
locity, with  g  as  the  absolute 
angle  of  exit.  Then,  if  a;  =  T, 
8in^=  Vsinf-i-  T. 

To  include  the  effect  of  nozzle 
and  bucket  friction,  we  procee<l 
as  in  Fig.  249,  decreasing  v  to 
VI  —  m  of  its  original  value 
(Art.  519),  and  making  x  less  than  V  by  from  5  to  20  per  cent,  as 
in  ordinary  practice.  As  before,  sin  e  =  v  sin  a-f-V;  but  for  a  bucket 
friction  of  10  per  cent,  sin y  =  0.9  Vsinf-f-  Y. 


Fio.  248.    Art.  527.  —  Velocity  Diagram. 


Fio.  240.     Arts.  527.  632,  534.  —  Velocity 
Corrected  for  Friction. 
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528.    Bucket  Angles  and  Work  Done.     In  Fig.  250,  the  absolute 

velocities  v  and  I'niny  be  resolved  into  (soiDpouunts  al>  and  db  in  tlw 
direction  of  rotation,  aJid  ae  ami  de  at  right 
angles  to  this  direction.  The  former  compo-t 
nents  are  those  which  move  the  wheel ;  the  lat- 
ter produce  an  end  thrust  on  the  shaft.  Now 
(lb  +  hd  (fid  being  negative)  is  t!ie  change  in 
velocity  of  thu  fluid  in  the  direction  nf  rotatiunj 
it  is  tlie  acceleration ;  the  force  exerted  per' 
pound  is  then 
(ui  +  bii)-i-ff  =  (fft  +  bd)  -J-  32.2 

=  (hcob  a+  Ycosy)  -e-  32.2. 
This  force  ia  exerted  through  the  dtstani 

feet   per   second ;     the    work    done  per   pound   of   *team '  \a    thea 

u(y  cos  a  -\-  Ycos  g)  -i-  32. 2  foot-pounds.    This,  from  Art.  526,  equals 

778  Eiq-Q-)  whence 

E=u(oco&a  +  Fcos^) -^  25051. fi(y-  Q). 

The  -jfficiency  ia  thus  directly  related  Ui  the  bucket  angles. 

To  avoid  splashing,  the  entrance  angle  of  the  bucket  is  usuall] 

made  equal  to  the  relative  entonng  angle  of  the  jet,  as  in  Fig.  251, 

(These  formulas  hold  only  when  the  sides  of  the 

buckets    are   enclosed    to    prevent    the    lateral 

spreading  of  the  stream.)     In  actual  turbines, 

bd  (Fig.  250)  is  often  not  negative,  on  account 

of  the  extreme  reversal  of  direction  that  would 

|je  necessary.      "With  positive  values  of  bd,  the 

maximum   work  is   obtained    as    its   value    n[)- 

proachea  zero,  and  ultimately  it  is  uv  cos  ti-i- 32.2. 

Since  the  kinetic  energy  of  the  jet  is  — .  the 

efficiency  H  from  steam  to  buckets  then  becomes 

2  -  cos  a.     In  designing,  we  may  either  select  an  exit  bucket  angt» 

which  shall  make  bd  equal  to  zero  (the  relative  exit  velocity  liein^ 
tangential  to  the  surface  iif  the  bucket),  or  we  may  choose  such 
angle  that  the  end  thrust  components  de  and  aa,  Fig.  250,  shall  bal- 
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ance.  In  marine  service,  some  end  thrust  is  advantageous ;  in 
stationary  work,  an  effort  is  made  to  eliminate  it.  This  would  be 
accomplished  by  making  the  entrance  and  exit  bucket  angles  equal, 
for  a  zero  retardation  by  friction.  With  friction  considered,  the 
angle  of  exit  K^  in  Fig.  251,  must  be  greater  than  the  entering  an- 
gle e.  In  any  case,  where  end  thrust  is  to  be  eliminated,  the  rota- 
tive component  of  the  absolute  exit  velocity  must  be  so  adjusted  as 
to  have  a  detrimental  efifect  on  the  economy. 


529.  Effect  of  Stream  Direction  on  Efficiency.  Let  the  stream  strike 
the  bucket  in  the  direction  of  rotation,  so  that  the  angle  a  =  0,  Fig.  250, 
the  relative  exit  vel(K?ity  being  perpendicular 
to  the  plane  of  the  wheel.     The  work  done  is 

M ,  while  the  kinetic  energy  is — •     The 

<y  —  XL 

efficiency,   2  m  — -^  ,  becomes   a   maximum   at 


4 

V 


0k% 

0.50  when  w  =  -  •     With  a  cfqy-shaped  vane,  as 

in  the  Pelton  wheel.  Fig.  252,  complete  reversal 
of  the  jet  occurs;   the  absolute  exit  velocity, 
ignoring  friction,  is  t;-2?/.     The  change  in  F'«- *'^'5^-    Arts.  529,  636. -Pel- 
velocity  is  v  -|-  V  —  2  w  =  2(v  —  ?<),  and  the  work 

is  2w(v—  u)  -i- Oy  whence  the  efficiency,  —     7"      >  becomes  a  maximum 

•IT 

at  100  per  cent  when  u  =  -*     Complete  reversal  in  turbine  buckets  is  im- 
practicable. 


530.    Single-stage  Impulse  Turbine.    The  absolute  velocity  of  steam  enter- 
ing the  buckets  is  computed  from  the  heat  drop  and  nozzle  friction  losses.     In  a 

turbine  of  this  type,  the  speed  of  the 
buckets  can  scarcely  be  made  equal 
to  half  that  of  the  steam;  a  more 
usual  j)roi>ortion  is  0.3.  The  velocity 
u  tlius  seldom  exceeds  1400  ft.  per 
8t»cond.  Fixing  the  bucket  speed  and 
the  absolute  entering  angle  of  the 
steam  (usually  20°)  we  determine 
graphically  the  entering  angle  of  the 
bucket.  The  bucket  may  now  be  de- 
signed with  equal  angles,  which  would 
eliminate  end  thrust  if  there  were  no 
Fio.  253.    Art.  530.  — Bucket  Outline.  friction,  or,  allowance  being  made  for 
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friction,  either  end  thrast  or  the  rotative  component  of  the  absolute  exit  velocity 
may  be  eliminated.    The  oorraaU  to  the  taugeota  at  the  edges  of  the  buckets  being 

.  Fig.  a-T-l, 


the  radius  i 


e<]iia)  to  about  0.965  m. 
The  thickness  I  maf 
be  made  ^iial  to  0.3 
times  the  width  U^ 
The  bucket  as  thoft 
drawn  is  to  a  scale  u 
yet  undetemiinedj; 
the  widths  tl  vnr;  ia 
practice  from  0.2  to 
1.0  inch.  (For  a  study 
of  sl«ani  trajectorJM 
and  the  relation  ther^' 
of  to  bucket  defligii, 
see  Roe,  Steam  Tur- 
bines, 19II.) 

It  should  be  noted 
thnt  the  hack,  rnihv 
thsD  the  front,  of  iha 
bucket  is  made  tan- 
gent to  the  retail V 
velocity  V.  The  worii 
per  pound  of  nteam 
being  computed  from 
the  velocity  diagram, 
and  the  si«am  con- 
sumption estimalod 
for  the  assumed  out- 
put, 


position 


n  design  tho- 


631.  Hulti-staee 
Impulse  Turbine. 
the  number  of  pres- 
sure stages  is  few 
in  the  Curtis  type,  tha 
heat  drop  may  be  di- 
vided equally  between 
the  stages.  In 
Rateau  type,  with  » 


(GBntrni  Ki«:trio  Cumiany.)  fltftges,  a  proportion- 
ately greater  heat  dron 
oerurs  in  the  low-pressure  singes.  The  eorrespondiniE  iiilormediate  pre^uree  arc 
determined  from  the  heat  diagram,  and  the  various  stJiges  are  then  deeigned  at 
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separate  aingle-etage  impulse  turbines,  all  having  the  same  rotative  speed.  The 
entrance  angles  of  the  fixed  intermediate  blad^  in  the  Curtis  turbine  are  equal  to 
those  of  the  absolute  exit  velocities  of  the  steam.  Their  exit  angles  may  be 
adjusted  as  desired;  they  may  be  equal  to  the  entrance  angles  if  the  latter  are  not 
too  acute.  The  greater  the  number  of  pressure  stages,  the  lower  is  the  economical 
limit  of  circumferential  speed;  and  if  the  number  of  revolutions  is  fixed,  the  smaller 
will  be  the  wheel.  Figure  254  shows  a  form  of  Curtis  turbine,  with  five  pressure 
jtages,  each  containing  two  rows  of  moving  buckets.  The  electric  generator  is  at 
the  top. 

532.  Problem.  Preliminary  Calculations  for  a  Multistarje  Impulse  Turlnne. 
To  design  a  1000  (brake)  hp.  impulse  turbine  with  three  pressure  stages,  having 
two  moving  wheels  in  each  pressure  stage.  Initial  pressure,  150  lb.  absolute; 
temperature,  600*^  F. ;  final  pressure,  2  lb.  absolute;  entering  stream  angles,  20**; 
peripheral  velocity,  500  ft.  per  second ;  1200  revolutions  per  minute. 

By  reproducing  as  in  Fig.  240  a  portion  of  the  Mollier  heat  chart,  we  obtain 
the  expansive  path  AB,  and  the  heat  drop  is  1316.6  —  987.5  =  329.1  B.  t.  u.  Divid- 
ing this  into  three  equal  parts,  the  heat  drop  per  stage  becomes  329.1  -*-  3  =  109.7 
B.  t.  u.  This  is  without  correction  for  friction,  and  we  may  expect  a  somewhat 
unequal  division  to  appear  as  friction  is  considered.  To  include  friction  in  det4*r- 
mining  the  change  of  condition  during  flow  through  the  nozzle,  we  lay  off,  in  Fig. 

240,  AH=  109.7,  HG  =  ^,  and  project  GE,  finding /?  =  50,  <  =  380*>,  at  the  outr 

lets  of  the  first  set  of  nozzles.     The  velocity  attained  (with  10  per  cent  loss  of 
available  heat  by  friction)  is  i;  =  212.42  V109.7  =  2225  ft.  per  second. 


Fig.  255.    Art.  '<?fl.  —  Multi-stage  Velocity  Diagram. 

We  now  lay  oflf  the  velocity  diagram,   Fig.  249,   making  a=20^   ii"5U0, 
f7B2225.    The  exit  velocity  x  may  be  variously  drawn;  we  will  assume  it  so  that 
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tb«  relative  angles  t  anil/sre  equal,  and,  allowing  10  per  cent  for  bucket  friction, 
will  make  z  =  0.9  V.  For  the  second  wheel,  the  angle  a'  is  again  20°,  while  v', 
account  of  friction  along  the  atationary  or  (,'uitle  hladea,  i&  (1.0  ¥.  After  locating 
V,  if  tlie  angles  e'  and/*  were  iiiaile  equal,  there  would  in  some  coses  be  a  back- 
ward impulse  upon  the  wheel,  tending  to  stop  it,  at  the  emergence  of  the  jet  aJong 
Y'.  On  the  otiier  hand,  if  the  angle/*  were  made  too  acute,  the  stream  would  be 
unable  to  get  away  from  the  moving  buckets.  With  the  particular  angles  and 
velocities  chosen,  some  backward  impulse  is  inevitable.  We  will  limit  it  bj  mak- 
ing _/*  =  30",  The  rotative  components  of  tlie  ahsoliite  velocities  may  lie  coTnput«l 
as  follows,  the  values  being  checked  as  noted  from  the  complele  gi'apLical  soluliou 
of  Fig.  255: 

06  =u  cos  20°  =  2235  x  0.03969  =  2090.81.     ("JOSO) 
erf  =  «-rfi  =  O.0  Vcoif-  u  =  0.9  rcO8<-u  =  0.0(2090.81-.500)-500  =  »31.73. 

(025) 
e/=e^cos2r  =  0.»cs»co820"  =  0.a  x  1158x0.93969  =  070.     (OT.-i) 

ii  =  in.  -  /ni  =  500  -  j/cobSO"  =  500-0.0  K'cosSO* 

=^500 -(0.0  X  508.2 1  x  0,8G(l0a)=  38. 


The  work  per  pound  of  steam  is  then  (     -        ',-„•'"      1 "  =        "   .        ■  =  81508 


(ah  +  cil-\-ef-H\„_Wm%  500 
.12.2 

footpounds,  in  the  first  stage.  This  is  equivalent  to  61,500  -t-  778  =  79.2  B.  t.  u. 
The  heat  drop  assumed  fur  this  stage  was  100.7  I),  t.  u.  The  heat  not  coDverted ' 
into  work  exists  as  residual  velocity  or  has  been  cipeiided  in  overcoruing  lunxle 
nod  bucket  friction  and  thus  indirectly  in  superheating  the  steam.  It  araounti 
to  100.7  -  79.2  =  30.5  B.  t.  u. 

Returning  to  the  construction  of  Fig.  240,  we  lay  off  in  Fig.  256  an  =  70.2 
B.  t.  u.  and  project  no  to  l-n,  linding  the  condition  of  the  steam  after  passing  thfi 
first  stage  buckets.  Racket  friction  has  moved  the  state  pi.>lnt  from  i 
which  latter  point  Q  =  12JT-2,jn  =  60,  (  =  \\i\  This  ia  the  condition  of  the  steam 
which  is  to  enter  the  second  set  of  nozzles.  These  nozzles  are  to  expand  the  steam 
down  to  that  pressure  at  which  tlie  ideal  (adiabatic)  heat  drop  from  the  initial 
condition  is  2  X  lOO.T  =  210.4  B.  t.  n.  I.ny  off  ae  =  219.4,  and  find  the  line  eg  ttt- 
12  lb.  absolute  pressure.  Drawing  the  adiabatic  np  to  iritersiwt  e^.  we  find  tba 
heat  drop  for  the  second  atag_e^without  friction,  to  be  1337.2  -  1120  =  117.2  B.  t.  u, 
giving  a  velocity  of  212.421/117^1'  =  2290.60  ft.  per  second. 


r&  = 

=  isin/ 

=  2090.81  - 

500  =^  1500.8 

.«  = 

=  1765 
1688,6 
1168, 

Bin  a  =  2226 

3-  =  o,Br= 

X  0.M203  X 
0.9  X  1766 

-  760.96, 

:^lS8e.6Bini9 

81*  +  760.119' 
=  1588.5^  = 

=  1688^, 

eg 

A?=Vc86 

+  931,75^  = 

t  To  find  r',  we  have 
gf=v'^2(f  =  0.i}  rBin20°s0.9x  1158  x  0.34302  =  366, 
Hf=^-U  =  070-6O0=47n,  F'  =  ^nf  +  gf  =  "^W^  +  86?  = 
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The  complete  velocity  diagram  must  now  be  drawn  for  the  second  stage,  fol- 
lowing the  method  of  Fig.  255.  Thisgivesfor  the  rotative  coinpontinta,aA=3160.97, 
ed  =  094.87,  e/=  1032.59,  kl  =  8.06.  (There  is  no  backward  impulae  from  tl  in 
this  case.)     The  work  per  pound  of  steftin  is 

Ii00(2ia0.»7  +  9M.87+I032.5»+8.06)  ,  ^  j,,  i^^„^ 


i.  t.  u.    Of  the  available  heat  drop,  117.2  B.  t.  u.,  3-3.44  have  been  ex- 
I  friction,  etc.     Laying  off,  in  Fig.  256,  pq  =  33.44,  and  projecting  qr  to 


or  83.76 

meet  pr,  we  have  r  as  the  state  point 
for  steam  entering  the  third  set  of  noziles. 
Hefep-12,  (1-223°,  G'i-n53.44.  In 
expanding  to  the  final  condenser  pressure, 
the  ideal  path  is  ra,  terminating  at  2  lb. 
absolute,  and  giving  an  uncorrected  heat 
drop  of  Qr-Q.-1153.44-1039-114.44 
B.  t.  u.  The  velocity  attained  is 
212.42 V  114.44  -  2271 .83  feet  per  second. 
A  third  velocity  diagram  shows  the 
work  per  pound  of  steam  for  this 
stage  to  be  63,823  foot-pounds,  or  82.04 
B.  t.  u.  We  are  not  at  present  con- 
cerned with  determinmg  the  condition 
of  the  steam  at  its  exit  from  the  third 
stage. 

The  whole  work  obtained  from  a 
pound  of  steam  passing  through  the  three 
stages  is  then  79.2+83,76+82.04=245,0 
B.  t.  u.  (20a).  The  horse  power  required 
is  1000  at  the  brake  or  say  lOOO-rO.8'' 

1250  hp.  at  the  buckeU.    This  is  equivalent  to  1250X 

per  hour.  The  pounds  of  steam  necessary  per  hour  are  3,181,250-!-245.0-12,974. 
Tliis  is  equivalent  to  12.97  lb.  per  brake  hp.-hr.,  a  result  sufficiently  well  confirmed 
by  the  test  results  given  in  Chapter  XV. 

GW 
Proceeding  now  to  the  nozzle  design,  we  adopt  the  formula  ^=~^  from  Art. 

621.  It  will  be  sufficiently  accurate  to  compute  cross-eectioaal  areas  at  throats 
and  outlets  only.  The  path  of  the  steatn,  in  Fig.  256,  is  as  follows:  through  the 
first  set  of  nozileii,  along  am;  through  the  corresponding  buckets,  along  mo;  thence 
alternately  through  nozzles  and  buckets  along  ou,  ur,  n;  vt.  The  points  u,  v,  eUt., 
are  found  as  in  Fig.  240.  It  ia  not  necessary  to  plot  accurately  the  whole  of  the 
paths  affl,  ou,  re ;  but  the  condition  of  the  steam  must  be  determined,  for  each 
nozzle,  at  that  point  at  which  the  pressure  is  0.57  the  initial  pressure  (Art.  522). 
The  three  initial  pressures  are  150,  50,  and  12;  the  corresponding  throat  pressuros 
are  85.5,  28.5.  and  6.84,  Drawing  the6e  Unes  of  pressure,  we  lay  off,  for  example, 
vcr  —1*1  aw,  project  xy  to  u]/,  and  thus  determine  the  state  y  at  the  throats  of  the 
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milurly  determined  for  the 


&tS'  P  =  85-5. '  =  i7i°, 

q  =  1200.5 ; 
at  A,  p  =  28,5.  (  =  318°, 

7=  US2; 
B.tB,p  =  6.al.  X  =  0.0830, 

o  =  lU(J; 


q  =  1131.72; 

at  V,  p  =  2,  X  =  0.SS2, 
q  =  1050.44. 


We  now  tabuliitt!  the  correspOLiding  velocities  and  specific  Tolame.H,  as  Ixilow. 
The  formerare  obtained  by  taking  V  =  223.84  Vj,  -  j, ;  the  latter  are  computed  from 
Ilia  Tmnlira  formula,  W  =  0.5003  ^  -  0.250.  Thus,  at  the  throitt  of  the  first  nozujs, 
F  =  223.84  vlai(f.«  -  12eo.o  =  168y ;  while  W  =  0.5t)(i3  ^^'"  +  *'t  -  0.256  =  0.2U. 
In  the  wet  region,  the  Tunilirz  formula  is  used  to  obtain  the  vohiiiie  of  dry 
ateam  at  the  stated  pressure  and  the  tabular  corresponding  temperature ;  ttiU  is 
applied  to  the  wet  vapor :  W^  =  0.017  +  j:(_W^,-  0.017).  The  tabulation  follows. 
At  ff.  F  =  1883,  If  =  8.28 ;  at  m,  K  =  22S5,  W  =  9.T24  : 

a.tA    r=  1507,  tF=  15.02;  at  u,   f=  2299,  IV  =  32.24; 

at  B,  1^=  1.130,  H'=  53.92;  at  c,   V=  2271,  W=  162.62. 

The  valueof  G, the weightof  steam flowiugper second,  18 12,974 +.1600  =  . LBOI  lb. 
For  reasonable  proportions,  we  will  assume  the  number  of  nouitea  to  b«  16  in  ilie 
first  stage,  42  in  the  second,  and  180  in  the  third.  The  values  o(  G  [ler  noHUi  tor 
the  successive  stages  are  then  3.604  +  18  ^  0.22525,  3.801  -!-  42  =  0.085S1  Mid 
3.604  +  180  =  0.02002.     We  find  values  of  F  as  follows  : 


Aty, 


0.23625  X  6.26 , 


:0.0Q 


0.22535  X  9.724  _ 


atu, 
atB, 

At  It 

0.08581  X  32.34 

2299 
0.02002  X  53.92 

1330 
0  02002x162.63 

=  0.001205; 


Completing  the  computation  as  to  the  last  set  of  nozzleg  only,  the   throftt 
?a  IS  0  0(10809  sq    ft,  that  at  the  outlet  being  0.00144  sq.  ft.    Theae  corre- 
spond to   diameters  of    0.385    luiij 

T 


0  61i}  in.  The  taper  may  be  uniform 
from  throat  to  outlet,  Ilie  sides  mak- 
ing an  angle  of  10°,  This  rvquiws 
a  length  from  throat  to  outlet  of 
(O.olS  -  0.385)  +  2  tan  5"  =  0.743  in. 
The  length  from  inlet  to  tiiroat  may 
be  one  fourth  this,  or  0.186  in.,  tbe 
edge  of  tbe  inlet  Iteing  rounded. 
The  natzle  is  shown  in  Fig.  257, 


Thini  Stiigp  Nomlo. 


The  diameter  of  the  bucket  wheels  at  mid-beightis  obtained  from  the  rotative 
speed  and  peripheral  velocity.     If  rf  be  the  diameter, 

3.1416rfx  1200  =  60  X  500,  or d  =  7.88  feet 
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The  forms  of  bucket  are  derived  from  the  velocity  diagrams.  For  the  first 
stage,  we  proceed  as  in  Art.  530,  using  the  relalice  angles  e  and /given  in  Fig.  255 
for  determining  the  angles  of  the  backs  of  the  moving  blades,  and  the  absolute 
angles  for  determining  those  of  the  stationary  blades. 

533.  Utilization  of  Pressure  Energy.  Besides  the  energy  of  impulse 
against  the  wheel,  unaccompanied  by  changes  in  pressure,  the  steam  may 
expand  while  traversing  the  buckets,  producing  work  by  reaction.  This 
involves  incomplete  expansion  in  the  nozzle,  and  makes  the  velocities  of 
the  discharged  jets  much  less  than  in  a  pure  impulse  turbine.  Lower 
rotative  speeds  are  therefore  practicable.  Loss  of  efficiency  is  avoided  by 
carrying  the  ultimate  expansion  down  to  the  condenser  pressure.  In  the 
pure  pressure  turbine  of  Parsons,  there  are  no  expanding  nozzles ;  all  of 
the  expansion  occurs  in  the  buckets  (Art.  524).  (See  Fig.  247.)  Here 
the  whole  useful  effort  is  produced  by  the  reaction  of  the  expanding  steam 
as  it  emerges  from  the  working  blades  to  the  guide  blades.  No  velocity  is 
given  up  during  the  passage  of  the  steam ;  the  velocity  is,  in  fact,  increasing, 
hence  the  name  reaction  turbine.  The  impulse  turbine,  on  the  contrary, 
performs  work  solely  because  of  the  force  with  which  the  swiftly  moving 
jet  strikes  the  vane.  It  is  sometimes  called  the  velocity  turbine.  Turbines 
are  further  classified  as  horizontal  or  vertical,  according  to  the  position  of 
the  shaft,  and  as  radial  flow  or  axial  flow,  according  to  the  location  of  the 
successive  rows  of  buckets.  Most  pressure  turbines  are  of  the  axial  flow 
type. 

534.  Design  of  Pressure  Turbine.  The  number  of  stages  is  now  large.  The 
heat  drop  in  any  stage  is  so  small  that  the  entering  velocity  is  no  longer  negligible. 
The  velocity  of  the  steam  will  increase  continually  throughout  the  machine,  being 
augmented  by  expansion  more  rapidly  than  it  is  decreased  by  friction.  If  the 
effective  velocity  at  entrance  to  a  row  of  moving  blades  is  Ki,  increasing  to  Vt  by 
reason  of  expansion  occurring  in  the  blades,  the  energy  of  reaction,  available  for 

performing  work,  is  — .     The  effective  velocity  entering  the  stationary  blades 

2^ 
being  V|,  and  increasing  to.  V4  by  expansion  therein,  energy  is  produced  equal  to 

— ,  which  is  given  up  to  the  following  set  of  moving  blades,  in  the  shape  of  an 

impulse.  Each  moving  blade  thus  receives  an  impulse  at  its  entrance  end  and  a 
reaction  at  its  outlet  end.  By  making  the  forms  and  angles  of  fixed  and  moving 
blades  the  same,  the  work  done  by  impulse  equals  the  work  done  by  reaction,  or 

'2g  ~  2g      ' 

In  Fig.  259,  lay  off  the  horizontal  distance  FO,  representing  the. aggregate  axial 
length  of  four  drums  composing  a  pressure  turbine.  The  peripheral  speeds  of 
drums  vary  from  100  to  350  ft.  per  sec.,  increasing  as  the  pressure  decreases  and 
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e  of  the  machiDC  incTeasee,  and  beini;  generally  less  in  marine  than  in 
vice.    The  succesnive  dnim  tiiamptora  and  perijiheral  sfieeds  frequently 
1  V'2  '  1  (21),     AsBUnie,  in  this  case,  that  the  peripheral  ajteed  of  the 
first  drum  is  130  ft.  per  sec,,  and  that 
.  of  the  last  drum  350  ft,  per  sec.     The 
/  ■  usual  plan  is  tu  increase  the  suceesaiTe 
^  ^  drum  Bpeede  at   constant  ratio.     This 
,  ^  makes  the  apceda  of  the  blades  on  the 
'  •  inlermediate  drums  181  and  251  ft.  per 
;c,,  respectively. 
The  steam  velocity  will  be  usually 
_  3  between  Ij  and  3  times  the  blsde  ve- 
locity; it  will  increase  more  rapidlv  aa 
-Design  o(  |,,g  j^^.^^  pressures  are  reached.     The 
..vnnu.u  .".muo.  valueof  this  ratio  should  vary  between 

about  the  same  limits  for  each  drum. 
The  rurve  EA  is  sketched  to  represent  steam  velocities  assumed:   the  ordinate 
FK  may  be  130X2  =  260  ft.  per  second,  and  the  ordinate  UA  say  973  ft,  per  sec. 
The  shape  of  this  curve  is  approximately  hyperbolic. 

It  is  now  desirable  to  lay  off  on  the  axis  FO  distances  rcpresentinR  approxinuilely 
the  lengths  of  the  various  drums.    An  ejnpirical  formula  which  facilitates  this  is 


where  n  =•  number  of  rows  of  blades  when  the  blade  speed  is  ti  ft.  per  sec., 

C=a  constant,  ^1,500,000  for  marine  turbines,  =2,600,000  for  turbo-^eoentois. 

When  (as  in  our  case)  u  is  different  for  different  drimis,  we  have 


m-— ;X8, 


being  the  number  of  stages  on  a  drum  of  blade  velocity  u„  developing  the  »  pro- 

jrtion  of  the  total  power.    The  power  developed  by  the  nuccessive  drums  inenaaea 
iward  the  exhaust  end:  let  the  division  in  this  cose  be  i,  A,  1,  |,  of  the  total  respect- 

bIv       TV,™  fnr  ^  =  2.(100.000. 


»ll  =  - 


251' 


350' 


The  total  number  of  stages  is  then  approximately  60.  The  distances  FC,  CD.  DB, 
BO,  are  then  laid  off,  equal  respectively  to  it,  iS,  iS  and  A  of  FO.  At  any  point 
like  G,  then,  the  st«am  velocity  is  ZG  and  the  blade  velocity  is  that  for  the  drum 
in  question:  for  G,  for  example,  it  is  181  ft.  per  sec. 

Knowing  the  steam  velocity  and  peripheral  velocity  for  any  state  like  G,  we 
construct  a  velocity  diagram  aa  in  Fig.  249,  choosing  appropriate  angles  of  entrance 
and  exit.     In  ordinary  practice,   the  expansion   in  the  buckets  is  sufficient,   not- 
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withBtanding  friction,  to  make  the  relative  exit  and  absolute  entrance  angles  and 
velocities  about  equal.  (This  equalizes  the  amounts  of  work  done  by  impact 
and  by  reaction.)  In  such  case,  we  have  the  simple  graphical  construction  of 
Fig.  260. 

Since  ab=bCf  db^be,  and  ad^ec,  we  ob- 
tain 

uiah-i-he)      ad{hc  +  hd) 


work  = 


32.2  32.2 


Drop  the  perpendicular  hh,  and  with  h  as 
a  center  describe  the  arc  aj.  Draw  dg  per- 
pendicular to  oc.    Then 

d?  =  adXdc  =  ad{dh-\-hc),    and 

^ork=^^  foot-poimds,  or   (r^q)  S-  *•  u- 

"^^•^  \i05.d/  pjq  2gQ     ^^^   ^   p^^   18.  — Velocity 

This  result  represents  the  heat  converted  ^^^"^^  ^^"^  '^^^^ 

into  work  at  a  stage  located  vertically  in 

line  with  the  point  G,  Fig.  259.  Let  this  heat  be  laid  off  to  some  convenient 
scale,  as  GH.  Similar  determinations  for  other  states  give  the  hexU  drop  curve 
IJKHLMNOP.  The  average  ordinate  of  this  curve  is  the  average  heat  drop  or 
work  done  per  stage.  If  we  divide  the  total  heat  drop  obtained  by  the  average 
drop  per  stage,  we  have  the  number  of  stages,  the  nearest  whole  number  being  taken.* 

Suppose  the  machine  to  be  required  to  drive  a  2000  kw.  generator  (2400  kw.  overload 
capacity)  at  175  lb.  initial  absolute  pressure  and  50°  o/  superheat,  the  condenser  pressure 
being  1  W.  absolute,  the  r.  p.  m.  3600,  the  generator  efficiency  0.94  and  the  losses  asfoUaws: 
steam  friction,  0.25;  leakage,  0.06;  windage  and  hearings,  0.16;  residual  velocity  in 
exhaust,  0.03.  The  theoretical  heat  drop  is  1227-890=337  B.  t.  u.  The  drop 
corrected  for  steam  friction  is  337  X0.75 =253  B.  t.  u.  The  average  ordinate  of  the 
heat  drop  curve  in  Fig.  259  being  4.16  B.  t.  u.,  the  corrected  niunber  of  stages  is 

253 

— -  =61  (nearest  whole  niunber)  instead  of  60.  The  ciu-ve  of  heat  drops  may  now 
4.16 

be  corrected  for  the  necessary  revised  niunbers  of  stages  in  the  various  drums:  thus, 

253 
the  whole  heat  drop  being  253  B.  t.  u.,  that  in  the  first  dnun  must  be  -r-  =42.2 

6 

B.'t.  u.    The  average  heat  drop  per  stage  for  the  first  drum  being  (average  ordinate 

42.2 

of  IJ)  1.56  B.  t.  u.,  the  number  of  stages  on  that  drum  is =27  (instead  of  26). 

•  -  1.56 

For  the  other  drums,  proceeding  in  the  same  way,  the  numbers  of  stages  work  out 

as  before,  16,  10  and  8. 

The  aggregate  of  losses  exclusive  of  steam  friction  is  0.25.     The  heat  available 

for  producing  power  is  then  253X0.75  =  190  B.  t.  u.  per  lb.  of  steam.     With  the 

given  generator  efficiency,  the  weight  of  steam  required  per  kw.-hr.  is 

2545X1.34_ 
190X0.94      ^■"' 

♦  Dividing  the  total  heat  drop  at  a  state  In  a  vertical  line  through  C  by  the  average 
drop  per  stage  from  F  to  C,  we  have  the  number  of  stages  on  the  first  drum. 


^^V                  At  normai  rale,  Ibe  weight  of  steam  ueed  at  the  overload  condUion  is 

I                                                      '»°,«™..2.67  1b.p.r.™. 

^H                fi3S.  Specimen  Case.     To  detennine  the  Keneral  characteristics  of  o  presBUiY 
^^^            (urbinc  operaling  belween  prewurea  of  100  and   3.5  lb.,  with  an  initial  superheat 
^H            of  300"  F.,  the  heat  drop  beinR  reduced  25  per  ofint  by  friction.     I'here  btp  to  he 
^^M           3  druniH,  and  the  heat  drop  ia  to  be  equally  divided  between  the  drums.     Thp  pcr- 
^^M           ipheral  speeds  of  the  successive  drums  are  160,  240,  320  ft.  per  eecond.     The  rela- 
^H            tive  entrance  and  absolute  exit  velocities  and  angles  are  equal ;  the  ahsolute  entrano.- 
^H           angle  ia  20°.     The  turbine  makes  3000  r.  p.  m.  and  develops  2.500  kw.  with   losses 
^^M          belweeu  buckets  and  generator  output  of  65  per  cent. 

; — 

'.. 

"■*^ 

S 

^1 

^^^^       .1 

- 

^^•:>-U"- 

-lao 

—  -  -  — 

-la* 

--15s  - 

--UM    ^^H 

"r 

^^B                                   Klu.  aUu.    Arl.K».~Eiimusiui> 
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In  Fig.  260  a,  the  expftoaiTe  path  is  plotted  on  a  portion  of  the  total  heat- 
entropy  diagrani.  The  total  heat  drop  is  shown  to  be  1342  -  1130  =  212  B.  t  u., 
and  the  heat  drop  per  drum  is  212  -i-  3  =  70}  B.  t  u.  In  Fig.  260  i.  lay  off  to  any 
scale  tlie  equal  distances  ab,  be,  cd,  and  the  vertical  distances  ae.  hg,  ci,  rep- 
resenting the  drum  speeds.  Lay  off  also  ak,  hm,  co,  equal  respectively  to 
\\  X  {ae,  hg,  ci),  and  al,  bit,  cp,  equal  respectively 
to   S\   times   these   drum   speeds.     The   curve    qr    p 


Pio.  260  b.    Art.  B3S. — Elements  of  Pressure  Tncbioe. 


of  entrance  absolute  velocities  is  now  aasmned,  bo  aa  to  lie  wholly  within  the  area 
tlmlpuBommx.  Figure  '260  c  shows  the  essential  parts  of  the  velocity  diagram 
for  the  stages  on  the  first  drum.  Here  ah  represents n;  in  Fig.  2006,  oi/  represents 
w.  the  angle  bad  is  20°,  and  (-p-Y=  C^^Y  =  9.12  B.  t.  u.  is  the  heat  drop 
for  the  first  stage  in  the  turbine,  staking  ac  represent  bi/  and  drawing  dc,  ch,  of, 
we  find  /-^y  =  (■^?^]^  =  3.70  B.t-u.  as  the  heat  drop  for  tlie  last  stage  on 
the  fitst  drum.    For  intermediate  stages  between  these  two,  we  find. 


iKm.i  A-«.ir« 
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In  Fig.  260  5,  we  now  divide  the  distance  ab  into  8  equal  'parts  and  lay  off  to 
any  convenient  vertical  scale  the  heat  drops  just  found,  obtaining  the  heat  drop 
curve  zA.  The  average  ordinate  of  this  curve  is  3.41  and  the  number  of  stages  on 
the  first  drum  is  70}  -^  3.41  =  21  (nearest  whole  number).    The  number  of  stages 


Fig.  260  c.    Art.  5X5.  —  Velocity  Diagram,  Pressure  Turbine. 


on  the  other  drums  is  found  in  the  same  way,  the  peripheral  velocity  ad,  Fig. 
260  c,  being  different  for  the  different  drums.  The  diameter  d  of  the  first  drum  is 
given  by  the  expression 

60  X  160 


3000xd  =  60Xl60ord  =  3j^^g^3^ 

The  weight  of  steam  flowing  per  second  is 

2500  X  1.34  X  2545 


1.02  ft. 


0.65  X  212  X  3600 


=  17.1  lb. 
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In  the  first  stage  of  the  first  drum,  the  condition  of  the  steam  at  entrance  to 
the  guide  blades  is  (Fig.  260  a)  H  — 1342,  p^lOO;  at  exit  from  the  moving  blades, 
it  is  H»  1338.59,  p— dS.  From  the  total  heat-pressinre  diagram,  or  by  computa- 
tion, the  corresponding  specific  volumes  are  6.5  and  6.6.  The  volumes  of  steam 
flowing  are  then  6.5 XI 7.1  — 111  and6.6Xl7.1-113cu.  ft.  per  second.  The  absolute 
steam  velocities  are  (Fig.  260  6)  350  and  356}  ft.  per  second.  The  axial  components 
of  these  velocities  (entrance  angle  20'')  are  0.34202X350  =  120,  and  0.34202  X356i 
=  122.  Thedrumperipheryisl.02X3.1416=-3.2ft.  If  the  blade  thicknesses  occupy 
)  this  periphery  and  the  width  for  steam  passage  between  the  buckets  is  constant, 
the  width  for  passage  of  steam  is  f  X3.2 =2.133  ft.,  and  the  necessary  height  of  fixed 

buckets  is  — — - — -— r = 0.434  ft,  or  5.2  in.  at  the  beginning  of  the  stage  and  — — 

2.133X120  ^         2.133X122 

=  0.434  ft.  or  5.2  in.  at  the  end.  The  fixed  blade  angles  are  determined  by  the 
velocities  be  and  a6,  Fig.  260;  those  of  the  moving  blades  by  bd  and  be.  There  is 
no  serious  error  involved  in  taking  the  velocity  and  specific  volume  as  constant 
throughout  a  blade.  The  height  of  the  moving  buckets  should  of  coiu-se  not  be  less 
than  that  of  the  guide  blades;  this  may  be  accomplished  by  increasing  the  thick- 
ness of  the  former.  The  blade  heights  should  be  at  least  3  per  cent  of  the  drum 
diameter,  if  excessive  leakage  over  tips  is  to  be  avoided.  The  clearance  over  tips 
varies  from  O.OQS  to  0.01  inch  per  foot  of  drum  diameter.  Blade  widths  vary  from 
}  to  1}  in.,  with  center-to-center  spacing  from  1}  to  4  ins. 

The  method  of  laying  out  the  blades  is  suggested  in  Fig.  260  d.    Let  ab  be  the 
absolute  steam  velocity  at  entrance  to  a  row  of  moving  blades,  c6  the  blade  velocity. 
Then  the  relative  velocity  ac  determines  the  enter- 
ing angles  at  c  and  e.     The  moving  blade  is  made  \^   f 


\    X 


with  a  long  straight  tapering  tail,  in  which  expan<  \  X\ 

sion  occurs  after  the  steam  passes  the  point  r.     Let  \     ^^n 

hjf  parallel  with  the  center  line  of  the  expanding  ^v\V   \ 

portion  of  the  blade   (fg),  represent  the  velocity  ^°   '^         * 

attained  at  the  outlet  of  this  blade,  and  let  jk  again 

represent  the  blade  velocity.     Then  hk  represents 

the  absolute  velocity  of  exit  and  determines  the 

entering  angles  of  the  following  fixed  blades,  o?)  and 

ml  being  parallel  ^ith  hk.    Finally,  since  the  steam 

must  emerge  from  the  fixed  blades  with  a  velocity 

parallel   with  ab,   we  draw   pq   parallel    with   al),  ...  ^^ 

determining    the   direction   of  the  expanding  posi-     Fig.  260  rf.   Art.  535.— Blading 

tion  (beyond  «)  of  the  fixed  blade.     The  angles  abc  of  Pressure  Turbine. 

and  hjk  are  made  equal,  and  range  between  20^ 

and30^ 

It  should  be  noted  that  the  velocities  indicated  by  the  curve  qr^  Fig.  260  b,  are 
those  of  the  steam  at  exit  from  the  fixed  blades  and  entrance  to  the  moving  blades. 
The  diagram  of  Fig.  260  gives  the  absolute  velocity  of  the  steam  entering  the  next  sei 
of  fixed  blades. 

Commercial  Forms  of  Turbine. 

536.  De  Laval;  Stumpf.  Fissure  235  illustrates  the  principle  of  the  De  Laval 
machine,  the  working  parts  of  which  are  shown  in  Fig.  261.  Entering  through 
divergent  nozzles,  the  steam  strikes  the  buckets  around  the  periphery  of  the  wheel 
b.  The  shaft  c  transmits  power  through  the  helical  pinions  a,  a,  which  drive  the 
«.  «f  «,  «i  on  the  working  shafts  /,  /.    The  wheel  is  housed  with  the  iron  ca»- 


APPLIED  THERMODYNAMICS 


This  is  a  horizontal  single-stage  impulse  turbino  with  a  dngle  whe^ 
speed  ia  cooBequently  high;  ia  small  units,  it  reaches  30,000  r.  p.  m.     I 


bJilt    principally    in  Hmall   nces,  from  5   to  300  h.p.     The   domIcs  moke   luifclrfl 
of  20°  with  the  plane  of  the  wheel;    the  buckets  are  symmetrical,  and  their  migka 
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riiigB  from  32°  to  38°,  increasing  with  the  siie  of  the  unit.  For  these  proportion^ 
tlie  nioHt  efficient  values  of  u  would  be  about  050  and  '2100  for  absolute  steam  veloci- 
ties at  2000  and  1400  feet  per  gecond,  respectively;  in  practice,  these  speeds  are 
not  attained,  u  ranging  from  500  to  1400  feet  per  second,  according  to  the  size. 
The  high  rotative  speeds  require  the  use  of  gearing  for  most  applications.  The 
helical  geus  used  are  quiet,  and  being  cut  right-  and  left-hand  respectively  they 
[imcticatly  eliminal«  end  thrust  on  the  shaft.  The  speed  is  usually  reduced  in  the 
proportion  of  1  to  10.  The  high  rotative  speeds  also  prevent  satisfactory  balanc- 
ing, and  the  shaft  is.  therefore,  made  flexible;  for  a  5-hp.  turbine,  it  is  only  ( 
inch  in  diameter.  The  bearings  h.j  are  also  arranged  so  as  U>  permit  of  »ome 
movement.  The  pressure  of  steam  in  the  wheel  case  is  that  of  the  atmosphere  or 
condenser,  all  expansion  Occurring  in  the  noEzle.  A  centrifugal  governor  controls 
the  speed  by  throttling  the  steam  supply  and  by  opening  communication  between 
the  wheel  case  and  atmosphere  when  necessary. 

The  nozzles  of  the  De  Laval  turbine  are  located  as  in  Fig.  235.  Those  of  the 
Stumpf,  another  turbine  of  this  class,  are  tangential,  while  the  buckets  are  of  the 
I^:ltou  form  (Fig-  -o2),  and  are  milled  in  the  periphery  of  the  wheel.  A  very 
large  wheel  is  employed,  the  rotative  speeds  being  thus  reduced.  Id  a  late  form 
of  the  Stumpf  machine,  a  second  stage  is  added.  The  reversals  of  direction  are  so 
extreme  that  the  Quid  friction  must  be  e 


537. 

operation 


Curtis  Tiubim.    This  is  a  multi-stage  impuU 
been  shown  in  Fig.  246.     In  most  case 


aei    Art.  63T.  —  Curtis  Turbine. 


turbine,  the  principle  of 
lost  cases,  it  is  vertical ;  for  marine 
applications,  it  is  necessarily  made 
horizontal.  Figure  2f!2  illustrates 
the  stationary  and  moving  blades 
and  nozzles.  Steam  enters  through 
the  nozzle  A,  strikes  a  row  of  mDv> 
ing  vanes  at  a,  passes  from  them 
through  stationary  vanes  B  to 
another  row  of  moving  vanes  at  e, 
then  passes  through  a  second  set 
of  expanding  nozzles  at  A  to  the 
next  pressure  stage.  This  particu- 
lar machine  has  four  pressure 
stales  with  two  sets  of  moving 
buckets  in  eAcli  stage.  The  direc- 
tion of  flow  is  axial.  The  ininiher 
of  pressure  stages  may  range  from 
two  to  seven.  From  two  to  four 
velocity  stages  (rows  of  nioving 
buckete)  are  uaeil  in  each  pressure 
stage.  In  the  two.«lage  machine, 
the  second  stage  is  disconnected 
when  the  turbine  runs  non-con- 
densing, the  eihau-st  from  the  first 
stage  being  discharged  to  the  at- 
mosphere.    Governing  is  effeelod 
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by  automatically  varying  the  number  of  noz;[les  in  use  for  admitting 

Srvt  stage.     A  step  bearing  curries  the  whole  weight  of  tlie  machine. 

supplied  with  lubricant  under  heavy  pressure ;  an  hydraulic  accumulator  syst«iu  is 

commonly  employed. 

538.  R&teau  Turbine.  Thia  is  a  horiKontal,  axial  flow,  mulli-stAge  impulM 
turbine.  The  nuniber  of  pressure  stages  ia  very  large  — from  twenly-fire  upward. 
There  is  one  velocity  stage  in  each  pressure  stage.  Very  low  speeds  are.  therefotv, 
possible.  Figure  3C3  shows  the  general  arrangement;  the  tranrerse  parUUi 
form  cells,  in  which  revolve  the  wheels/,/;  the  nozzles  are  merely  alols  in  tha 
partitions.  The  blades  are  pres!u:!(l  nut  of  »hetit  steel  and  riveted  to  the  wh«eL 
The  wheels  themselves  are  of  thin  pressed  ateel. 


539.  Weatinghouse-PaTBOns  Turbine.    Tliis  is  of  the  axial  flow  prenure  tj-pe, 

and  horiiionlal.  The  steam  expanJs  through  a  large  number  of  successivo  tiscd 
and  moving  blades.  In  Pig.  3iJ4,  the  steam  eiitei's  at  A  and  passes  along  the  vari- 
ous blades  toward  the  left ;  the  movable  buckets  are  iiionnte<l  on  the  three  drtiini 
and  the  fixed  buckets  project  iiiwai-d  from  the  casings.  The  diameters  of  Urn 
drums  increase  by  steps ;  the  iucreasiug  volume  of  tile  Bl«am  within  any  seotJDIi  it 
accommodated  by  varying  the  bucket  heights.  The  balanco  pistons  P,  P,  P  ai^l 
used  to  counteract  end  thrust.  The  speed  is  fairly  liigli.  anJ  speulal  provisios 
must  be  made  for  it  in^he  design  of  tJie  bearings.  Governing  is  etlMt«d  tiy  ii 
raittently  opening  the  vtJve  V\-  thw  valve  is  wide  open  whenever  open  at  kU. 
The  length  of  this  machine  is  someitiraes  too  great  for  convenience.  'To  i 
come  this,  the  "double-flow"  turbine  receives  steam  near  its  center,  ttifough 
expanding  nozzles  which  supply  a  simpln  'P«lton  impulse  wheel.  This  ntilixat 
a  lai^e  proportion  of  the  energy,  and  the  sUium  then  flows  in  both  directions 
axially,  through  u  series  of  fixed  and  moving  expanding  buckets.  Besides  reduc 
ing  the  length,  this  aiTangenient  practically  eliminates  end  thrust  and  the  nece^ 
Bity  for  balance  pistons. 
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540.    AppllcatlonR  of  Xurbinei.    Turbo-locomotives  have  been  experimented 

with  in  Germany;  the  direct  connection  of  the  steam  turbine  tc  high-preasun 
rot^iry  air  compreagors  hue  tieen  accomplifihed.  In  Blalionary  work,  the  direct 
.  driving  of  generators  by  turbines  i a  common,  and  the  high  rotative  speeds  of  thtt 
latter  hare  cheapened  the  farmer.  At  high  speeds,  difficulties  may  tie  ekperi« 
piiped  with  commutation;  so  that  the  turbine  is  most  successful  with  alternating 
current  machines.  When  driving  pumps,  turbines  permit  of  exceptionally  high 
lifts  with  good  efficiencies  for  the  centrifugal  type,  and  low  first  costs.  For  low- 
pressure,  high-speed  blowera,  the  turbine  is  an  ideal  motor.  (See  Art.  239.)  The 
outlook  for  a  goa  turbine  is  not  promising,  any  gas  cycle  involving  combustion  at 
conelant  pressure  being  both  practically  and  thermodynamically  inefficient. 

The  objections  to  the  turbine  in  marine  appUcation  have  arisen  from  tbc  high 
speed  and  the  difficulty  of  reversing.  A  separate  reversing  wheel  may  be  c 
ployed,  and  graduation  of  s[>eed  is  generally  attained  by  installing  turbines  in 
pairs.  A  small  reciprocating  engine  is  sometimes  employed  for  maneuvering  at: 
or  near  docks.  Since  turbines  are  not  well  a<lapted  to  low  rotative  speeds,  thcy 
are  not  recommended  for  vessels  rated  under  la  or  10  knots.  The  ndvantagen  of 
turbo-opera  lion,  in  decreased  vibration,  greater  simplicity,  bmaller  and  more  deeply 
immersed  propellers,  lower  center  of  gmvilj  of  eugine-room  machinery,  deerea$eil 
size,  lower  first  cost,  and  greater  uiiit  capacity  without  excessive  size,  have  led  to 
extended  marine  application.  The  most  conspicuous  examples  are  in  the  Cunanl 
liners  Luxilania  and  Mnurtlnnia.  The  former  has  two  high-pressure  and  two  low- 
pressure  main  turbines,  and  two  astern  turbines,  all  of  the  Parsons  type  (!£)■ 
The  drum  diameters  are  respectively  08, 140,  and  104  in.  An  output  of  70,000  lip, 
is  attained  at  full  speed. 

iS41.  The  Exhaust-steam  TniblDe.  From  the  heat  chart.  Fig.  177,  it  is 
obvious  that  steam  expanding  adiabatically  from  150  lb.  absolute  pressure  And 
600°  F.  to  1.0  lb.  absolute  pressure  transforms  into  work  385  B.  t.  u.  It  has  Iieen 
shown  that  in  the  ordinary  reciprocating  engine  such  complete  expansion  is  iiiid»- 
sirable,  on  account  of  condensation  losses.  The  final  pressure  is  rarely  below  7 
absolute,  at  which  the  heat  converted  into  work  in  the  above  illustration  is  only 
2ri2  B.  t.  u.  The  turbine  is  particularly  fitted  to  utilize  the  remaining  113  B.  t.  a. 
of  available  heat.  The  use  of  low-pressure  turbines  to  receive  the  exhaust  steam 
from  reciprocating  engines,  has,  therefore,  been  su^ested.  Some  progress  luia 
been  made  in  applying  this  principle  in  plants  where  the  engine  load  is  iiilerniit- 
lent  and  condensation  of  the  exhaust  would  scarcely  pay.  With  steel  mill  e 
gines,  steam  hammers,  and  similar  equipment,  the  introduction  of  a  low-pressuiie 
turbine  is  decidedly  profitable.  The  vartatioiu  in  supply  of  steam  to  thtt  turbine 
are  offset  by  the  use  of  a  reEsneiator  or  accumulator,  a  cast-iron,  water-sprayed 
chamber  having  a  large  storage  capacity,  constituting  a  "fly  wheel  for  heat,"  and 
by  admitting  live  steam  to  the  turbine  through  a  reducing  valve.  When  a  s 
]ihis  of  steam  reaches  the  accumulator,  the  pressure  rises;  as  soon  as  this  falls, 
poine  of  the  water  is  evaporoled.  The  maximum  pressure  is  kept  low  to  avoid 
back  pressure  at  tlie  engines.  A  steam  consumption  by  the  turbine  as  low 
86  lb.  per  brake  hp.-hr.  has  been  claimed,  with  15  lb.  initial  absolute  pressuic  and  ■ 
a  final  vacuum  of  36  in.  Other  good  results  have  been  shown  in  varioas  trials 
(23).     (See  Art.  dS2,)     Wait  (24)  has  described  a  plant  at  South  Chicago,  111.,  in 
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which  a  42  by  60  inch  double  cylinder,  reversible  rolling-mill  engine  exhauBis  to  an 
'kccumulator  at  n  prewure  2  or  3  lb.  above  that  of  the  atmoaphere.  Thie  delivers 
steam  at  about  alinospheric  pressure  to  a  500  kw.  liatcau  turbine  operated  with 
a  "28-in.  vaeuum.  The  steam  consumption  of  the  turbine  was  about  35  lb.  per 
electrical  hp.-hr.,  delivered  at  the  Bwitchboard. 

The  S.S.  rurWnia,  in  1897,  was  fitted  with  low-pressure  turbines  receiving  the 
chatlst  from  reciprocal Ing  enf(ines  and  operating  between  9  lb.  and  1  lb.  absolute, 
e  third  of  the  total  power  of  the  vessel  was  developed  by  the  turbines,  although 
e  initial  pressure  was  160  lb. 


I 


542.  Conuneicial  Considerations.  The  best  turbines,  in  spite  of  their  thermo- 
.lly  siii)prior  cycle,  have  not  yet  equalled  in  thermal  efficiency  the  best 
'iproeatiiig  engines,  both  oiieruliiii?  at  full  load.  (Tfiis  refers  to  work  at  the  cylinder. 
'The  heat  conmimplion  referred  to  work  at  the  shaft  has  probably  been  brought  aa 
llnr,  with  the  turbine,  as  with  any  form  of  reciprocating  engine.)  The  combination 
of  reciprocating  engine  and  turbine  (.\rt.  552)  ha«  probably  given  the  lowest  eon- 
Buinption  ever  reporteil  for  a  vapor  engine.  The  a^-cragc  turbine  is  more  economical 
than  the  average  en^ne;  and  since  the  mechanical  and  fluid  friction  losses  arc 
disproportionately  large,  it  seems  reasonable  to  ex(iect  improved  efhciencics  as 
experimental  knowledge  accumulates, 

^  The  turbine  is  chca|)er  than  the  engine;  it  weighs  leas,  has  no  fly  wheel,  refiuirea 
lien  space  and  very  much  leas  foundation.  It  can  be  built  in  larger  units  than  a 
'teciproeating  cylinder.  Power  house  buildings  are  cheapened  by  its  use;  the 
cost  of  attendance  and  of  sundry  operating  supplies  is  reduced.  It  probably  depre- 
ciates less  rapidly  than  the  engine.  The  wide  range  of  expansion  makes  a  high 
vacuum  desirable;  this  leads  to  excessive  cost  of  condensing  apparatus.  Similarly, 
superheat  is  so  thoroughly  bejieficlal  in  reducing  steam  friction  losses  that  a  ron- 
sidirablf  investaient  in  eupcrhcaters  is  necessary.  The  choice  as  between  the 
turbine  and  the  engine  must  be  determined  with  reference  to  all  of  the  conditions, 
technical  and  commercial,  including  that  of  load  fneXiyr.  Turbine  economy  cannot 
be  measured  by  the  indicator,  but  must  be  determined  at  the  brake  or  switchboard, 
;JOd  should  be  expressed  on  the  heat  unit  basis  (B.  t.  u.  consumed  per  unit  of  output 
IJper  minute). 

For  result?  of  trials  of  steam  turbines,  see  Chapter  XV. 


(1)  rron«.  Inst.  Engn.  and  ShijAuilden  in  Scotland,  XLVI,  V.  (2)  Berry. 
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B^  any  given  value  of  y.  (4)  The»i4,  Polytechnic  Institute  of  Brooklyn,  1905, 
B(B)  Thomas,  Steam  Ttirbina,  1906,  89.  (6)  Proc.  Itut.  Viv.  Eng.,  C,\'l-,  199, 
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225;  II,  153.  (20)  Tran».  A.  S.  M.  E..  XXVII,  081.  (20  n)  For  a  method  for 
equalising  the  three  quantities  of  work,  see  Cardullo's  pujier,  "  Energy  and  Pressure 
Drop  in  Compoimd  Sleain  Turbines,"  Jour.  A.  S.  jW.  E.,  XXXIII,  2.  (21)  See 
H.  F.  Schmidt,  in  The  Enginrer  (Chicago),  Dm.  16,  1907;  Tmna.  Inei.  Engn.  and 
Shipbuilders  in  ScoOand.XLXlX.  (22)  Power,  November,  1907,  770.  (23)  Tratu. 
A.  S.  M.  E.,  XXV,  817;  Ilrid,  XXXII,  3,  316.     (24)  Proc.  A.  7.  E.  E.,  1907. 


SYNOPSIS  OF   CHAPTER   SIT 
The  turbine  atilizea  the  velocity  energy  of  n  jet  or  stream  ot  steam. 
Expansion  In  a  nnxele  ia  adialintic,  but  not  isencrnpic ;  the  losses  in  a  tnrlilne  are  < 
tA  residual  velocity,  friction  ol  ateam  throujjh  nozdes  and  buckets  and  mechanical 
frIoUon. 

Q,  approximately ; 


2ir 
whence  V=  1 


+  pU>  + 


The  complete  expanslrin  scourod  in  the  torblne 

NoKzle   friction   decreases  the  heat  converted  into  work  and  the  Telocltf  atuined  ; 

K=  21-2.42-^/5-  Q- 

The  heat  expended  in  overcoming  friction  reappeais  in  drying  or  superliealing  the 


^^y 


which  reaches  a  mlnlnjum  a 


a  deflidte  value  of  ^-     For  sieain,  this  vftlna 
P 
I  than  0.57  p,  the  noxxle  converges  to 


la  about  0.57.     If  the  diacharge  pressure  ia  ieai 

a  "  tliroat"  and  afterward  divereea. 
The  multi-stage  impulse  turbine  uses  lower  rotative  apeeda  tliau  the  single  stage- 
Tlie  diveipug  sides  of  tlie  nozzle  form  an  angle  of  10° ;  the  converging  portion  may  be 

one  fourth  as  long. 
Steam  consumption  per  Ihp.-hr.  =  2545  -r-  E(q  —  Q). 
The  rotative  components  of  the  absolute  velocities  determine  the  work  ;  the  rslAtln 

veluultlee  determine  the  (moving)  bucket  angles.    Bucket  friction  may  decrease 

relative  velocities  by  10  per  cent  during  paasage.     Work  =  (ocoMa±  Zeosp)". 


EfBciency  : 
end  tliruat, 
For  a  right-angled  atream  change, 
it  is  1.00.     With  practicable  bucki 


Bucket  angles  may  be  adjnsted  to  equaliett 
r  may  be  madts  c'luaL 
efficiency  is  0.50 ;  with  complete  revena], 
it  is  always  less  than  I.O. 

The  bairki  of  moving  buckets  are  mode  tangent  to  the  relaCivf  stream  velocitlea. 

The  angles  of  fixed  blades  are  determined  by  the  nhtolule  velocities. 

In  tfie  pnn'  presture  turbine,  expansion  occurs  in  the  (nicjtcto.    No  nozzles  are  used. 

Turbines  may  be  horizontal  or  vertical,  radlai  or  axlui  flow,  impulse  or  pressure  type. 

In  designing  a  pressure  turbljie,  -  s  0,33  lo  0.67.      The  heat  drop  at  any  stage  may 
equal  I  7T^)  I  f  1k-  2^-    '1^^  number  of  stages  is  the  quotient  ot  the  whole  heit 
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drop,  corrected  for  friction;  by  the  mean  value  of  this  quantity.  Friction  through 
buckets  may  be  from  20  to  30  per  cent.  The  accumulated  heat  drop  to  any  stage 
is  ascertained  and  the  condition  of  the  steam  found  as  in  Fig.  240.  Typical 
design,  Arts.  534,  535. 

Commercial  forms  include  the  De  Laval,  single-stage  impulse  : 

Stumpf ,  single-  or  two-stage  impulse,  with  Pelton  buckets. 
Curtis,  multi-stage  impulse,  usually  vertical,  axial  flow. 
Rateau,  multi-stage  impulse,  axial  flow,  horizontal,  many  stages. 
Westinghouse-Parsons,  pressure  type,  axial  flow,  horizontal ;  sometimes  of  the 
"  double  flow  "  form. 

Marine  applications  involve  some  difficulty,  but  have  been  satisfactory  at  high  speeds. 

The  turbine  may  utilize  economically  the  heat  rejected  by  a  reciprocating  engine.    A 
regenerator  is  sometimes  employed. 

The  best  recorded  thermal  economy  has  been  attained  by  the  reciprocating  engine ; 
but  commercially  the  turbine  has  many  points  of  superiority. 

PROBLEMS 

1 .  Show  on  the  7W  diagram  the  ideal  cycle  for  a  turbine  operating  between  pressure 
limits  of  140  lb.  and  2  lb.,  with  an  initial  temperature  of  500°  F.  and  adiabatio 
(isentropic)  expansion.     What  is  the  efficiency  of  this  cycle  ? 

{An8.^  efficiency  is  0.24.) 

2.  In  Problem  1,  what  is  the  loss  of  heat  contents  and  the  velocity  ideally 
attained  ? 

3.  In  Problem  1,  how  will  the  efficiency  and  velocity  be  affected  if  the  initial 
pressure  is  150  lb.?   If  the  initial  temperature  is  600®  F.?   If  the  final  pressure  is  1  lb.? 

4.  Solve  Problems  1,  2,  and  3,  making  allowance  for  friction  as  in  Art.  519. 

5.  Compute  analytically,  in  Problem  3,  first  case,  the  condition  of  the  steam  after 
expansion,  as  in  Art.  520,  assuming  the  heat  drop  to  have  been  decreased  10  per  cent 
by  friction.     (Ans. ,  dryness  =  0. 877.) 

6.  An  ideal  reciprocating  engine  receives  steam  at  150  lb.  pressure  and  550**  F., 
and  expands  it  adiabatically  to  7  lb.  pressure.  By  what  percentage  would  the 
efficiency  be  increased  if  the  steam  were  afterward  expanded  adiabatically  in  a  turbine 
to  1.5  lb.  pressure.     (Ans.,  47  per  cent.) 

7.  Steam  at  100  lb.  pressure,  92  per  cent  dry,  expands  to  16  lb.  pressure.  The 
heat  drop  is  reduced  10  per  cent  by  friction.  Compute  the  final  condition  and  the 
velocity  attained.     (Ana.,  dryness* 0.846 ;  velocity  =  2375  ft.  per  sec.) 

S.  In  Problem  5,  find  the  throat  and  outlet  diameters  of  a  nozzle  to  discharge 
1000  lb.  of  steam  per  hour,  and  sketch  the  nozzle. 

{An8.,  throat  diamete;  =0.416  in.) 

p 
9.  Check  the  value  —  =  0.5274  for  maximum  fiow  in  Art.  522. 

P 
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10.  Check  the  equation  of  flow  of  a  permanent  gas,  in  Art.  523. 

11.  U  the  efficiency  in  Problem  5,  from  ateam  to  shaft,  is  0.60,  find  lie  h 
consiimplion  per  brake  hp.-lir.,  and  the  thermal  efficiency. 

12.  In  Problem  5,  let  the  peripheral  speed  be  u  =  4S0,  the  angle  a  =  2D°,  and  find 
the  work  done  per  pound  nf  steam  in  a  single-etage  impulse  turbine  (a)  with  end 
ttirtiRtetiminateiL,  (p)  with  equal  relative  onglee.  Allow  a  10  per  cent  reduction  at 
rulatif  e  velocity  for  bucket  friction, 

13.  In  Problem  12,  Case  (b),  what  is  Che  efficiency  from  steam  to  work  a( 
bucheU  1'     (Item  £,  Art.  530.)     Find  the  ideal  steam  consumption  per  Ihp.~hr. 

14.  Sketch  the  bucket  in  Problem  12,  Cose  (b),  as  in  Art.  630. 

15.  Compute  the  vrbuel  diameters  and  design  the  fitst^tage  noExles  aod  bockeu 
for  a  twD-atH^  impulse  turbine,  with  two  moving  wheels  in  eacli  stage,  as  in  Art.  533, 
operating  under  the  conditions  of  Problem  5,  the  capacity  to  be  1500  kw.,  the  enter- 
ing stream  angles  20°,  the  peripheral  speed  000  ft.  per  second,  the  speed  1500  r.  p 
tlie  heat  drop  i^uced  0.10  by  noxzle  tnction.  Arrange  the  bucket  angles  to  give 
highest  practicable  efficiency,*  the  stream  velocities  to  be  reduced  10  per  cent  by 
bucket  friction.     State  the  heat  unit  consumption  per  kw.-minut«, 

16.  In  Problem  5,  plot  by  stages  of  about  10  B.  t.  u.  tbe  IfT  expansion  path  u 
pressure  turbine  in  which  the  beat  drop  is  decreased  0.35  b;  bucket  frictioa. 

17.  In  Problem  IS,  the  drums  have  peripheral  speuls  of  ISO,  350,  350.  Construct 
a  reasonable  curve  of  steam  velocities,  as  in  Fig.  259,  the  velocity  of  the  steam  enter- 
ing the  first  stage  being  400  ft,  per  second,  and  the  outputs  of   the   three   druina 

IS.  In  Problem  17,  let  Uio  absolute  entrance  angles  be  20°,  and  let  the  veloc 
dioKmrn  be  ss  in  Fig.  200.  Find  tbe  work  done  in  each  of  six  stages  along  eocb  dnim. 
Find  the  avfirage  heat  drop  per  stage,  and  tile  number  of  stages  In  each  drum,  the 
total  heat  drop  per  drum  having  been  obtained  from  Problem  16. 

IB,  The  speed  of  the  turbine  in  Problem  18  is  400  r.p.m.  Find  the  diameterof 
each  dnUD. 

20.  In  Problems  10-19,  the  blades  are  spaced  3"  centers.  Tbe  ttirbine  deTelopa 
I5D0  kw.  Find  the  heights  of  the  moving  blades  for  one  e^cpanMve  etatp,  assuming 
losses  between  buckets  and  generator  of  45  per  cent.    Design  the  moving  bucket. 

21.  Sketch  the  arrangement  of  a  turbine  in  which  the  st«am  first  strikes  a  Pelton 
Impulse  wheel  and  then  divides  ;  one  portion  traveling  through  a  three-drum  prtMKrt 
rotor  uxially,  Uie  other  through  a  two-pressure  stage  telocity  rotor  with  three  rov 
moving  buckets  in  each  pressure  stage,  also  azially,  the  shaft  of  the  velocity  turbine 
being  vertical. 

22.  Compare  as  to  effect  on  thermal  efficiency  the  methods  of  goveniing  Ui« 
De  Ijftval,  Curtis,  and  Wesiinghouse-Parsons  turbines. 

23.  Determine  whether  the  result  given  in  Art.  641,  reported  for  the  S.B> 
Turbinia,  ia  credible. 

*  The  angle  /  must  not  be  less  than  24°  in  any  case. 


CHAPTER  XV 

RESULTS  OF  TRIALS  OF  STEAM  ENGINES  AND  STEAM  TURBINES 

543.  Sonrces.  The  most  reliable  original  sources  of  information  as  to  con- 
temporaneous steam  economy  are  the  Transactions  or  Proceedings  of  the  various 
national  mechanical  engineering  societies  (1).  The  reports  of  the  Committee  of 
the  Institution  of  Mechanical  Engineers  on  Marine  Engine  Trials  are  of  special 
interest  (2).  The  Alsatian  experiments  on  superheating  have  already  been  re- 
ferred to  (Art.  443).  The  works  of  Barrus  (3)  and  of  Thomas  (4)  present  a  maso 
of  results  obtained  on  reciprocating  engines  and  turbines  resp<H: lively.  The 
investigations  of  Isherwood  are  still  studied  (5).  The  Code  of  the  American  Society 
of  Mectanical  Engineers  (Trana.  A.S.M,  E,,  XXIV)  should  be  examined. 


543/1.  Steam  Engiiie  Evolution.  The  Cornish  simple  pimnping  engines  (9) 
which  developed  from  those  of  the  original  Watt  type  had  by  1840  shown  dry  steam 
rates  between  16}  and  24  lb.  per  Ihp.-hr.  They  ran  condensing,  with  about  30  lb. 
initial  pressure,  and  ratios  of  expansion  between  3}  and  1),  and  were  un jacketed. 
Excessive  wiredrawing  and  the  single-acting  balanced  exhaust  (which  produced 
almost  the  temperature  conditions  of  a  compound  engine)  led  to  a  virtual  absence 
of  cylinder  condensation. 

The  advantage  of  a  large  ratio  of  expansion  was  understood,  and  was  supposed 
to  be  without  definite  limit  until  Isherwood  (1860)  demonstrated  that  expansion 
might  be  too  long  continued,  and  that  increased  condensation  might  arise  from 
excessive  ratios.  Early  compound  engines,  without  any  increase  in  expansion 
over  the  ratios  common  in  simple  engines,  failed  to  produce  any  improvement, 
steam  rates  attained  being  around  19  lb.  As  higher  boiler  pressures  (150  lb.) 
became  p)ossible,  the  ratio  of  expansion  of  14,  then  adopted  for  compounds,  pronnptly 
reduced  steam  rates  to  15  lb.  These  have  been  gradually  brought  do^^n  to  12  lb. 
in  good  practice.  The  5400  hp.  Westinghouse  compound  of  the  New  York  Edison 
Co.,  with  a  5.8  :  1  cylinder  ratio,  185  lb.  steam  pressure  and  29  expansionb,  reached 
the  rate  of  11.93  lb. 

Triple  engines,  using  still  higher  ratios  of  expansion,  soon  attained  steam  rates 
around  12  i  lb.  The  best  record  for  a  triple  with  saturated  steam  seen:s  to  be  11.05 
lb.,  reached  by  the  Hackensack,  N.  J.,  pumping  engine,  with  188  lb.  throttle  pressure 
and  33  expansions. 

Quadruple  engines,  and  engines  with  superheat,  have  shown  still  better  results: 
see  ivriiS.  o^vC,  o4«ic{,  odu. 

544.  Limits  and  Measures  of  Effidency.     Art.  496  gives  expressions 
for  the  Clausius  (Ej)  and  relative  (Ei^)  efficiencies  corresponding  with 
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given  steam  rates  and  pressure  and  temperature  conditions.  The 
efficiency  of  the  turbine  cannot  exceed  Ej.  That  of  the  reciprocating 
engine  has  for  a  still  lower  limit  the  Rankine  efficiency,  which  is  ¥rith 
saturated  steam, 

144 

■^pr^iPiXiVi  —  PSX2V2)  +  hi+  Xiri — A2— X2r2 

E,*=i^ 


hi  4-  XiLi  —  hz 

where  pi=upper  pressure,  lb.  per  sq.  in.,  absolute; 

P2  =  terminal  pressure,  lb.  per  sq.  in.,  absolute  (end  of  expansion) ; 
P3=lower  pressure,  lb.   per  sq.   in.,  absolute  (atmosphere  or 

condenser) ; 
xi  =initial  dryness  (beginning  of  expansion); 
X2  =  terminal  dryness  (end  of  expansion); 
vi  =specific  volume  at  pressure  pi; 
i;2=  specific  volume  at  pressure  7)2; 
hi  =heat  of  liquid  at  pressure  pi; 
A2=heat  of  liquid  at  pressure  P2; 
/i3=heat  of  liquid  at  pressure  pa; 
Ti  =  internal  heat  of  vaporization  at  pressure  pi; 
r2=intemal  heat  of  vaporization  at  pressure  7)2; 
Li  =latent  heat  of  vaporization  at  pressure  pi. 

With  the  regenerative  cycle   (Art.   550)   the  Camot  efficiency  is  the 
limit.     With  superheated  steam,  the  Rankine  cycle  efficiency  is 

144 

H-  H2-\-i^V2{p2-  Ps) 

where  //=totaI  heat  in  the  superheated  steam,  B.  t.  u.; 

Ho  =  total  heat  above  32°  at  the  end  of  adiabatic  expansion; 
i'2=spccific  volunio  of  the  actual  steam  at  the  end  of  adiabatic 

expansion; 
P2=  pressures  of  steam  at  the  end  of  adiabatic  expansion,  lb.  per 

sq.  in.; 
7)3=  lowest  pressure,  lb.  per  sq.  in.; 
/i3-^lieat  of  liquid  at  the  pressure  P3. 

The  efficiency   ratio  E^^  is  almost  always  between   0.4   and    0.8; 
in  important   practice,    between    0.5   and   0.7.      Attention   is    called 

♦  The  back  pressure  p,  of  best  efficiency  is  not  necessanly  the  lowest  attainable. 
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to    the  table,   Art.  551.     Average  values  of  the  efficiency  ratio  seem 

to  be:  Condensing.  Non-condensing. 

Simple 0.1  0.6 

Compound 0.5  0 .  65 

Triple 0.6  0.8  (Art.  549a). 

With  saturated  steam,  it  is  from  0.15  to  0.2  higher  in  non -condensing 
than  in  condensing  engines,  and  increases  by  0.05  to  0.1  as  the  number 
of  expansive  stages  increases  from  1  to  2  or  from  2  to  3.  With  high 
superheat,  Ej^  seems  to  be  between  0.6  and  0.7  for  both  condensing  and 
non-condensing  engines  having  either  one  or  two  expansive  stages. 
The  figures  given  for  saturated  steam  are  increased  0.03  to  0.05  by 
jacketing.  The  steam  rate  (lb.  dry  steam  per  hp.-hr.)  is  scarcely  a 
precise  measure  of  performance,  and  is  of  very  little  significance 
when  superheat  is  used.  Results  should  preferably  be  expressed  in 
terms  of  the  thermal  efficiency  or  B.  t.  u.  consumed  per  Ihp.-min. 
(See  Art.  551.) 

845.  Variables  Affecting  Performance.  Some  of  these  can  be  weighed  from 
thermodynamic  considerations  alone:  but  in  all  cases  it  is  well  to  confirm  computed 
anticipations  from  tests.    The  essentially  thermodynamic  factors  are: 

(o)  Initial  pressure  (Art.  549  c);      (6)  Dryness  or  supxerheat  (Arts.  549/,  549  g); 

(c)  Back  pressure  (Art.  549  h);        (d)  Ratio  of  expansion  (Art.  549  i). 
The  factors  influencing  relative  efficiency,  to  be  considered  primarily  from  experi- 
mental evidence,  are 

(J)  Cyhnder  condensation  including: 

(1)  Jacketing  (Art.  549  m); 

(2)  Superheating  (Art.  549  g)  ; 

(3)  Multiple  expansion  and  reheating 
(Arts.  549  m,  549  n); 

(4)  Speed,  Size  (Art.  549  o); 

(5)  Ratio  of  expansion  (Art.  549  i) ; 


(e)  Wire-drawing  (Art.  549  j); 
(g)  Leakage  (Art.  549  k) ; 


(j)  valve  action  (Arts.  546-548  6, 
549  o,  551). 

SUMMARY  OF  TESTS 
546.  Saturated  Steam:    Simple  Non-condensing  Engines,  without  Jackets. 


Type  of  Valve. 


Single,  automatic,  high 
compression 

Double,  automatic. .  .  . 

Four-valve,  non-releas- 
ing  

Four-valve,  releasing. . 


Initial 
Gage 
Pres- 
sure, 
Lb. 


70-100 

75-80 

100 
100 


R.  p.  m. 


100-300 


below  225 
below  100 


Site,  Hp. 


20-100 
50-150 

above  50 
above  75 


Ratio  of 
Expan- 
sion. 


3-4 
4 

3-4| 
3-4i 


Steam  Rate, 
Lb. 


Avge. 


32  i 
30 

29 
26 


r.imits 


^e^ 


Pec 


30-380.141 
0.134 


2&-32  0.15 
24-28  0.15 


lis 


0.55 
0.63 

0.58 
0.65 
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647.  Saturated  Steam,  Simple  Condensiiis  Engines,  withimt  Jackets :  Improved 
Valve  Gear, 


SL 

.,„,„, 

Si«.  Hp. 

rutin  o( 

8M.m  tUU.  I.b. 

(ApproKinute) 

AV..^ 

RaOBe. 

*/ 

«« 

NoD-releasing. 
Releasing 

90-110 
90-100 

below  225 
below  100 

over  60 
over  100 

3M 

3i-5 

24 
2U 

22-26 
19h23i 

0.268 

0  266 

0  33 
0  40 

Initinl 

R.  p.  m. 

SiiB,  Hp. 

^Tt.. 

(Api«T>«iiiat«) 

VbWc. 

Bf 

«« 

Double,  automatic 

Four-valve,  releasing. . ,  , 

l](W65 
120 
130 

250-300 
265 
100 

50-250 

165 
35(M50 

23.6 
23.2 

21,9 
20.9 

0.167 
0.162 

0,166 
0.106 

0.63 
0  67 
0-70 

64S,'>.  Saturated    Steam,    Compound   Condensing,   without  Jackets,    Nornul 
Cylinder  Ratio. 


P™Tre 
rwnure. 

11,  p.  m. 

SiiB,  Hp 

^n.. 

VBlve. 

B, 

Sit 

Single,  automatic 

Double,  automatic 

Four-valve,  releasing 

110-130 
120 

100-150 

200^i00 
160-170 
underlOO 

100-500 
100-300 
abovelOO 

19  1 
16.3 
14  6 

0,275 
0  275 
0.278 

0  43 
O.SO 
0.56 

M9fi.  Saturated  Steam,  Triple  Expansion,  without  Jackets  (12),  (13),  (14), 
(15). 


InilUl 

Gm« 

p™.ur., 

St«m  Rate.  Lb. 

(ApproiiBwM 

«7 

B« 

AvoiacB.       Raocb. 

121        111-15 

0.169 

0.295 

124-200 

RESULTS  OF  TRIALS 


401 


649^.  Jacketed 
with  Reheaters. 


IQgh  Gnde,  Saturated  Steam,  Compounds  Usually 


Type. 


Small,  non-condensing  simple,  5  exp.,  75  lb.  gage 
pressure 

Simple  condensing,  120-150  lb.  pressure 

Woolf  compound,  condensing,  16  exp.,  12  r.  p.  m., 
120  lb.  pressure 

Ck>mpound  non-condensing 

Ck>mpound  condensing,  ordinary  cylinder  ratio  * . . 
(Saving  due  to  jackets,  — 1§  to  +10.9  per  cent: 
per  cent  of  total  steam  consumed  in  jackets, 
about  5.0.) 

Ck>mpound  condensing,  high  cylinder  ratio,  150- 
175-lb.  pressure,  about  30  expansions,  8  to 
14  per  cent  of  total  steam  used  in  jackets  and 
reheaters 

Triple  condensing,  85  to  175  lb.  pressure,  25  to  33 
expansions 


Steam  Rate,  Lb. 


Jacketed. 


25 
17-20 

13.6 

19 
13.5 


11.9 
11.05-11.75 


Same  Type  of 
Engine, 
Unjacketed. 


26^2i 
19J-26 


20.9-23.6 
14.6-19.1 


11.75-15 


*  One  engine  gave,  with  jackets,  13.85;  without  jacketa,  14.99. 


549^.  Superheated  Steam,  Redprocating  Engines. 


Type. 


Simple  non-condensing,  no  jacketa,  slight 
superheat 

Simple  non-condensing,  no  jackets,  620®  F .  .  . 

Simple  condensing,  800  hp.,  4  exp.,  65  lb. 
pressure,  450**  F 

Simple  condensing,  620®  F 

Compound  non-condensing,  locomotive 

Compound  condensing,  500®  F 

Compound  condensing,  620®  F 

Compound  condensing,  45  hp.,  600-lb.  pres- 
sure, 800®  F.  (19) 

Triple  condensing,  500® 

Triple  condensing,  620® 


Steam 
Rate,  Lb. 

B.  t.  u. 
Hp.-min. 

Approxi- 
mate 
Clauiiiufl 
Efficiency. 

23 

15.3 

319 

0.182 

16 

317 

0.259 

11.6 

234 

0.27 

17.6 

•   •  • 

12.9 

253 

0.291 

10.6 

224 

0.3 

10.8 

246 

0.375 

10.9 

221 

0.299 

9.6 

200 

0.309 

Relative 
Efficiency. 


0.66 

0.52 
0.67 

•   •  •   • 

0.57 
0.63 

0.46 
0.64 
0.69 
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M9f/.  ComparBtive  Tests,  Saturated  and  Supeilieated  Steam. 


Tn*. 

8K»m  tUw,  Lb. 

B.  t.  a.  per  Ep.-mia. 

8«tucBted. 

fSSS- 

13  84 

11.98 

9,58 
8.99 

213-246 
247 

225 

(126  r.  p.  m..  260  hp.,  32  exp.}(ll) 

649fi.  Initial  Pressiue.  IncTeosed  presoiires  have  been  so  associated  with 
development  in  other  respects  that  it  is  difficult  to  show  by  experimental  pvidence 
just  what  Kaia  in  economy  ban  been  due  lo  tncrcaHod  pressure  alone.  Art.  546 
Kives  usual  stCHin  rates  from  24r-28  lb.  for  simple  non-condensing  engines  of  the 
best  type,  in  this  country,  with  initial  pressures  around  100  lb.  In  Germany,  where 
pressures  range  from  150  to  180  lb.,  the  corresponding  rates  arc  between  19  and  23 
lb.  per  Ihp.-hr. 

649/".  Initial  Diyness.  The  efttoiency  uf  the  Clauaiua  or  Rankine  cycle  is  great«r 
as  the  initial  dry nens  approaches  1.0  (Art.  417).  No  considerable  amount  of  moisture 
is  ever  brouicht  to  ihe  engine  in  practice,  and  tests  fail  to  show  any  influence  on 
dry  steam  consumption  reaulting  from  variations  in  the  small  proportion  of  entrained 


iS49^.  Superheat.  There  is  no  thermodynamic  gain  when  superheating  is  lea 
than  100°,  because  the  steam  is  then  brought  to  the  dry  condition  by  the  time 
I'ui-oft  is  reached.  Tables  549  c  and  549  rf  show  that  heat  rates  tor  compound 
engines  with  low  superheat  are  around  250  B,  t.  u.,  and  for  triples  about  220  B,  t,  u., 
while  with  high  superheat  the  compound  or  the  triple  nuiy  reach  about  200  B.  t.  U. 
With  high  superheat,  exceeding  200°  F.,  some  gain  due  to  temperature  is  realiwd 
in   addition  to  the  elimination  of  cylinder  condensation.     To  properly  weigh   the 


effect   of  high  superheat, 

reduced  to  the  heat  unit  equivalent. 

page  403. 

Adequate  superheating  thus  eaus 
ing  or  non-condensing.     In  either  c 


Thi'* 


I  should  be 
I  the  top  of 


■a  a  large  gain  in  simple  engines,  either  condejis- 
ise,  the  simple  engine  using  superheated  steam 

is  as  economical  as  the  ordinary  conipound  engine  using  saturated  steam,  so   that 

superheat  may  be  regarded  as  a  substitute  for  ciimpounding.     llie  best  compound! 

and  triples  with  superheat  are  (though  in  a  less  degree)  superior  to  the  natoe  lypM 

of  engine  using  saturated  steam. 
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Type. 


Simple  non-condensing, 
best 

Simple  condensing,  best. 

Compound  non-condens- 
ing  

Compomid  condensing, 
ordinary 

Compomid  condensing, 
high  cylinder  ratio  (see 
Art.  5496) 

Triple  condensing,  aver- 
age  


Steam 
Rate,  Lb. 

Initial 

Absolute 

Prc-sure, 

Lb. 

Feed 
Tempera- 
ture. 

B.  t.  u. 

per 
Ihp.-min. 

B.  t.  u. 
per 
Ihp.-min., 
Super- 
heated. 

26 

100 

200* 

434 

319 

21§ 

110 

150*' 

383 

234 

22i 

120 

200** 

380 

332  (loco- 
motive) 

15 

150 

150** 

268 

224-253 

12-13 

175 

150*' 

213-247 

192-223 

12i 

175 

150'* 

224 

205-221 

Per  Cent 

Gain  by 

Super- 

heatinc. 


26 
39 

13 

5-17 


Q-22 


1-9 


549A    Back  Pressure.    This  is  best  investigated  by  considering  the  difference 
in  performance  of  condensing  and  non-condensing  engines.    Arts.  546-549  c  give: 


Steam  Rate,  Lbs.  per  Ihp.-hr. 

Per  Cent 

Type. 

• 

Non-condens- 
ing. 

Condensing. 

Saving  Due  to 

Saturated  SteAm, 
not  jacketed 

r  Simple  non-releasing. 
Simple,  releasing. .  .  . 
Compound  (average) 
Triple 

29 
26 
22.2 
18.5 

24 

21.5 
16.7 
12.5 

17 
17 
17 
32 

C  Simple 

25 
19 

18.5 
(average) 
13.5 

26 

Saturated  steam, 
jacketed. 

Compound        (usual 
type) 

29 

VJ   ^-Ky  /............ 

Superheated  (  Sin 
steam.         .  Co 

oiDle.  average 

19.15 
17.6 

13.8 
11.4 

28 

mpound,  average 

35 

The  arithmetical  averages  give  about  the  results  to  be  expected: 

(1)  Condensing  saves  24  per  cent  in  simple  engines,  27  per  cent  in  compounds, 

32  per  cent  in  triples; 

(2)  Condensing  is  relatively  more  profitable  when  jackets  or  superheat  are  used. 

549 i.  Ratio  of  Expansion.  This  has  been  discussed  in  Art.  436.  Since  engines 
are  usually  governed  (i.  e.,  adapted  to  the  external  load)  by  varying  the  ratio  of 
expansion,  a  study  of  the  variation  in  efficiency  with  output  is  virtually  a  study  of 
the  effect  of  a  changing  ratio  of  expansion.  (The  question  of  mechanical  efficiency 
(Arts.  554-^558)  somewhat  complicates  the  matter.)    Figure  266  gives  the  results 


401 


APPLIED  THERMOD\'NAMICS 


of  such  an  inveetigation.     The  shape  of  the  economy  curve  is  of  great  importance. 
A  fiat  curve  means  fairly  good  economy  over  b.  wide  mnge  of  probable  loads.     The 


" 

-   V 

f"     ^ 

^»    ^  ["      ^ 

i«        "'^'s                       T 

'::|;:|!:||^:i-!£: 

-T LLJ L- 

FiQ.  286o.    Art.  549i".— Efficiency  at  Vurious  Ratios  of  EipanEion. 


flatneflB  varies  with  different  types  of  engine.  A  few  typical  curves  are  given  it 
Fig.  266a.  Curve  /  in  from  a  single-acting  Westinghouse  compound  engin?,  run 
ning  Don-candenBiug,  Curvn  //  j: 
from  the  same  engine.  coniienBing 
(Trami.  A.  S.  M.  E..  XIII.  537). 
Curve  ///  is  for  the  S40ft-hp. 
Weatinghouse  compound  oondt-nstnK 
engine  metilioned  in  Art.  M3a. 
Curve  IV  is  for  a  small  four-v»Ive 
simple  non-condensing  engine:  curve 
V  for  a  single-valve  hiRh'ei>eed  simple 
non-condensing  engine. 

If  we  regard  the  usual  ratio  of  ex- 
pansion in  a  compounil  as  16,  in  a 
simple  engine,  4,  and  in  a  triple  ar 
high-ratio  compound  en  30,  with  ror- 
respondinR  steam  rates  of  15,  26,  and 
12}  (condensing  engines),  we  obi 
the  curvee  of  Fig.  2ti6  b,  Bbowinit  a 
Btiiarly  gain  of  efficiency  as  th«  tot«l 
rutio  of  expansion  inrreasefl,  provid- 
ing two  stages  of  expansion  are  used 
when  the  ratio  exceeds  some  value 
between  4  and  16.  It  appears  that 
no  considerable  further  gain  can 
expected  by  increasing  either  the 
nilio  of  cxponBion  or  the  number  of 
stages. 


» — 

* 

«"^^L 

i="    ST 

'I     % 

il'     « 

«»       "^ 

"^       % 

"                   ^  ^     ^                      [ 
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_  M9/.  Wiie-diBwing.  None  of  the  tests  above  quoted  applies  to  throttling 
•  angines.  Cut-off  regulation  is  now  ulmoat  universa!.  Moderate  throttling  may  be 
tiesirableat  high  ratios  of  expansion  (Art.  426).  A  lurge  part  of  the  8  per  cent  differ' 
ence  in  steam  consumption  between  the  single-valve  and  double-valve  cnginea 
oC  An.  54fj  <15  p«r  cent  in  Art.  54S  b)  is  due  to  the  partial  throtlling  action  of  the 
single  valve  at  cuUoff.  The  difference  between  the  performances  of  tour-valve 
engincE  with  and  without  relcoaing  gear  is  very  largely  due  to  the  cotnparative 
absence  of  wire-drawing  in  the  former.    This  difference  ia  10  per  cent  in  Art.  548. 

549^'.  LeakBEC.  The  average  steam  rate  ascertained  on  engines  which  had 
run  from  ]  to  5  years  without  refitting  of  valves  or  pistons  (7)  was  39.3  lb.  This 
was  for  simple  single-valve  non-condensing  machinea.  for  which  the  figure  given  in 
An,  54S  is  32).  Some  of  the  ditference  was  due  to  the  fact  that  the  engines  tested 
ran  at  hght  loads  (1  to  J  normal:  see  Art.  549  i  and  Fig.  266)  but  a  part  must  also 
have  been  due  to  leakage  resulting  from  wear.  In  65  tests  reported  by  Barrus, 
the  average  steam  rate  of  engines  known  to  have  leaking  valves  or  pistons  waa 
4.8  per  cent  higher  than  that  of  those  which  were  known  to  be  tight.  Leakage 
is  leas  in  compound  than  in  simple  engines.     (See  Art.  452.) 

549?.  Compression,  Clearance.  The  theory  of  compression  has  been  disciwsed 
(Art.  4S1).  High-speed  engines  have  more  compresaioD  than  those  running  at  low 
speed.  The  compression  in  compound  engines  is  less  than  that  in  simple  engines. 
Tliere  is  an  amount  of  compression  (usually  small)  at  which  for  a  given  engine  and 
^ven  conditions  the  efficiency  will  be  a  maximum.  No  general  results  can  be  given. 
The  maximum  desirable  compression  occurs  at  a  moderate  cut-ofi;  at  other  points 
of  eul-off.  compression  should  be  less.  Within  any  range  that  could  reasonably 
be  prescribed,  the  amount  of  compression  doe«  not  seriously  influence  efficiency. 

Clearance  is  a  necessary  evil,  and  the  waste  which  it  causes  is  only  partially 
offset  by  compression.  Designers  aim  to  make  the  amoimt  of  clearance  (which 
depends  upon  the  type  and  location  of  the  valves)  as  small  as  possible.  The  pro- 
portion of  clearance  in  8!«am  engines  of  various  types  is  given  in  Art.  450.  The 
differences  between  the  steam  rates  of  single  valve  and  Corliss  valve  engines,  ahowD 
in  Arts.  546  to  548  b.  already  mentioned  as  partly  due  to  wire-drawing,  ore  alao 
D  part  attributable  to  differences  in  clearance. 
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649rn.  Jackets.  The  saving  due  to  jackets  may  range  from  nothing  (or  a  slight 
as)  up  to  20  per  cent  or  more.  Art.  549  b  snows  minimum  savings  of  G  to  9  per  cent 
f  *  and  maximum  of  19  to  23  per  cent,  for  one,  two  or  three  e^ansivei  stages.  Yet 
there  arc  undoubtedly  cases  where  jackets  have  not  paid,  and  they  ore  not  usually 
applied  (excepting  on  pumping  engines)  in  American  stationary  practice  to-day. 
The  best  records  made  by  compounds  and  triples  have  been  in  jacketed  engines. 
This  is  with  saturated  steam.  With  superheat,  jacJcets  are  not  warranted.  The 
proportion  of  steam  used  in  jackets  (of  course  charged  to  the  engine)  ranges  usually 
between  0.03  and  0.08,  increasing  with  the  number  of  expansive  stages.  Jacketing 
pays  best  at  slow  fl|)ceds  and  high  ratios  of  expansion. 

Reheaters  for  compound  engines  can   scarcely  be  discussed  separately   from 

jackets.     It  is  difficult  to  get  an  adequate  amount  of  transmitting  surface  without 

maldng  the  receiver  very  large.     The  objection  to  the  rehealer  is  the  same  as  that 

— L     to   the  jacket — increased   attention   ia   neces-sary   in  operation   and   maintenance. 

L^WSliere  ia  an  irreversible  drop  of  temperature  inherent  in  the  operation  of  LbtitiWi.'i.ra . 
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649/1.  Multiple  Eipanston.    The  tables  already  given  rumish  the  following: 

Unjacketed  Engines 

aicaoi  Raw.  Lb.  pet  Ihp-hr. ^ 


30 

23 

2 

29 

26 

21 

fl 

IR 

IS. 3-23 

17 

6 

No.  of  expansion  atagea .  .        1  2 

Type. 

Single-valve 19, 1 

Double-valve      , !G  3 

Four-valve,  non-rel(«8ing.      24  

Four-vftlvt;,  releaaing.  .  .  .       21J  14,0              1'2 

Superheat,  good  valve.  .  .    11,6-16  10.(J-!2.9     9.6- 

The  non-con (ipnsing  engjiic  wilh  a  cheap  type  of  valve  ia  23  to  27  por  cmjI  r 
eeonomieal  in  the  compnund  forns  than  whMi  simple.  (The  non-pondwising  compound 
ia  on  other  grounds  than  economy  nn  imsaliafactory  type  of  engine,  mv  An 
Alachinitt,  Nov.  IB,  1891.)  In  four-valve  releasing  engines,  non-contlenging.  ' 
eompoimd  aaveo  16  por  vput  over  the  simple  and  the  triple  saves  16  per  cent  o' 
the  (Compound.  The  aanie  engines,  condensing,  give  a  saving  of  32  per  cent  by  coqh 
pounding  nnd  an  additional  saving  of  14  per  cent  by  triple  expansion.  With  « 
heal,  non-condensing,  the  compound  ia  from  15  per  cent  worne  to  23  per  ecu;  belM^ 
than  the  simple  engine.  Condensing,  the  compound  saves  15  per  cent  over  the  simplt 
and  the  triple  saves  13  per  cent  over  the  compound. 

High  Ratio  Compounds  have  been  discuased  in  kit.  473.     The  testa  in  Art.  548  k 
include  only  compound  engines  of  normal  cylinder  ratio.    The  following  i 
have  b«en  attained  with  wider  ratios: 

Lb*,  ppr  Ihp.hr. 

150-lb.  pressure,  26pxp.,  ratio?  :  1 12,45  (jacketed) 

150-lb.  pressure,  120  r.  p.  m.,  33  exp 12.1     (head  j^ket«<i) 

130-lb.  pressure,  126  r.  p.  m.,  32  exp. .  . . , 1 1 ,  98  (jacketed) 

These  figures  are  practically  equal  to  those  reached  by  triple  enginee.     They 
are  due  to  (a)  high  ratios  of  expansion,  (b)  jacketing,  and  |p)  the  high  cylinder  ratio^ 

549  I.  Speed  and  Size:  Efficiency  in  Practice.     None  of  the  teste  shows  a 

rate  below  16.3  lb.  at  speeds  above  140  r.  p.  ni.     Low  rotary  speed  U  essentinl 
highest  thernml  efficiency.     Iletween  very  wide  Limits— say  100  or  20O  to  2500  hp. 
^the  size  of  an  engine  only  shghtiy  influences  its  Hteam  rate.    Very  amull  uniti 
are  wasteful  (some  direct-acting  steam  pumps  have  been  shown  to  use  as  much 
300  lb.  of  steam  per  Ihp.-hr)((i)  and  very  large  engines  are  usually  built  with  suuh 
refinement  of  design  as  to  yield  maximum  efBcieneies. 

All  figurea  given  arc  from  publishei  testa.  It  b  generally  the  ease  that 
performancea  are  not  published.  The  tabulated  steam  Ta.U»  will  not  be  rei 
in  ordinary  operation:  funt,  because  the  load  cannot  be  kept  ul  the  point  of 
maximum  efficiency  {Art.  549  i) — nor  can  it  be  kept  steady — and  second,  booma 
under  other  than  test  conditions  engines  will  leak.  Probably  few  bidders  would 
guarantee  results,  even  at  steady  load,  within  10  per  cent  of  those  quoted.  In 
estimating  the  probable  steam  rate  of  an  engine  in  operation,  thia  10  per  cent  should 
firat  be  added,  correction  should  then  be  made  for  actual  load  ennditiona,  bksed 
on  BUeh  a  curve  as  that  of  Fig,  266,  and  an  additional  allowance  of  5  per  cent  or 
upward  Ediould  then  be  made  .'or  leakage. 


RESULTS  OF  TRIALS 


i 

! 

X 

p 

"^^ 

J        ■— ^ 

i 

«             8            8 

? 

Fio,  267,  Art.  550.— Nord berg  Engine  Diagran, 5 


Fio.  266.    Arts.  M9i,  656,— Tost  ol  Rice  and  Sargeul  Engine  (10). 

550.  Quadruple  Engines:  RegeneratiTe  Cjde.  Some  of  tbc  beat  perform- 
ances on   record  with  .saturated  Hleam 

have  been  made  in  quadruple-expansion 

cn;;inc8.     The  Nordberg  pumping  engine 

at    Wildtrood    (16),    although    ol    only 

6.000,000  gal.  capacity  (712  horse  powerj 

and  jacketed  on  barrels   of    cyhndere 

only,  gave  a   heat  consumption   of  186 

U.  t.  u.  with  200  lb.  initial  pressure  and 

only  a  fair  vacuum.     The  high  efficiency 

Bfis  obtained  by  drawing  off  live  steam 

from  each  of  the  receivers  and   trans- 

tcrring  ite  high-temperature  heat  direct 

of  the  boiler  teoi  water  by  meana  of 

roil  healers.     Heat  was  thus  absorbed 

ir.ore  nearly  at  the  high  temperature 

limit,  and  a  closer  approach  made  to  the  Carnot  cycle  than  in  the  ordinary  eiv 

(^iiif.  1  hm*,  in  Fig.  '267,  BCDS  represents  the  Clausius  cycle.  The  heat  areas 
hlllE,  gKJh,  XMLg  represent  the  withdrawal  of  steam  from  the 
various  receivers,  these  amounts  of  lieat  being  applied  to  heating 
the  water  along  Iid,tU,ef.  The  heat  im)iarted /rom  iciih'tut  is  tlivii 
only  cjViiE.  The  work  area  DHIJKLURS  has  lieen  lost,  but 
the  much  greater  heat  area  ABfc  has  been  saved,  so  that  the  effi- 
ciency is  increased.  The  cycle  is  regenerative ;  if  (he  number  of 
steps  were  infinite,  the  expansive  path  would  be  Dl',  parallel  to 
liV,  and  the  cycle  would  be  equally  efficient  with  thatof  Carnot. 
The  actual  efHciency  was  68  per  cent  of  that  of  the  Caioot  cycle. 
The  tteam  rale  was  not  low,  being  increased  by  the  system  of 
drawing  off  steam  for  the  heaters  from  11.4  to  r_'.26;  but  the  leal 
eflicieiicy  was,  at  the  time,  unsurpassed.  A  later  test  of  a  >i'i>rd- 
berg  engine  of  similar  eonstruction,  used  to  drive  au  air  com- 
pressor, is  reported  by  Hood  (17).  Here  the  combined  diagrams 
were  as  in  Pig.  268.  Steam  wa.-t  received  at  2J7  lli.  pressure,  the 
vacuum  being  rather  poor. 
,,  „  At  normal  capacity,   lOOO 

hp.,  the  mechanical  effi- 
ciency wns  90.35  per  cent, 
and  the  heat  consumption 
169  29  B.  t.  u 


Fia.  268.    Art.  OSa  —  Hood  Compressor  Diagra 
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162.  Turbines.  With  pressures  of  from  78^  (o  140  lb..*  and  Tacuum  fmm 
to  26.4  in,,  slE^am  rates  per  brake  horae  power  of  18.0  la  23,2  have  been  obtaineil 

I  saturated  steam  on  Dc  Laval  turbines.  Dean  and  Miun  (20)  found  correspond- 
.  ing  rotes  of  15.17  to  16.54  nith  Baturaled  ateam  at  200  lb.  pressure,  and  13.94  to  1S.62 
with  this  steam  superbea,t«d  91°. 

PareonK  turiiioes,  with  saturated  steam,  have  given  rales  per  brake  horae  power 
oni  14.1  lo  18.2:  with  Huperheated  sleam,  from  12.Q  to  14.9.  This  was  at  120 
lb.  preSBUre.  A  7500-kw.  unit  tested  by  Sparrow  (21 )  with  177.5  lb.  initial  pressure, 
I  95.74"  of  superheat,  and  27  in.  of  vacuum,  gave  15.15  lb.  of  steam  per  kw.-hr.  Bell 
reports  for  the  LuxUania  (22}  a,  coal  consumption  of  1.43  lb.  per  horae  power  hour 
delivered  at  the  shaft.  Denton  quotes  (23)  I0.2S  lb.  per  brake  horse  power  on  a 
4000hp.  unit,  with  I90°ofs«|>erheat  (214  B.  t.  u- per  minute);  and  13.08  on  a  1500- 
bp.  unit  using  saturated  steam.  A  400-kw.  unit  gave  lt.2  lb.  with  180°  of  super- 
heat. -A  1250-kw.  turbine  gave  13.5  lb.  with  saturated  steam,  12.8  with  100°  of 
superheat,  13.2o  with  77°  of  superheat  (24).     (All  per  brakr  hp.-hr.) 

A  Rateau  machine,  with  slight  superheat,  gave  rates  from  15.2  to  19.0  lb. 
per  brake  horae  power.  Curtis  turbines  have  shown  14.8  to  18.5  lb.  per  kw.-hr.. 
as  the  superheat  decreased  from  230°  to  K-ro,  and  of  17.8  to  22.;J  lb.  as  the  back 
preSHure  increased  from  0.8  to  2.8  lb.  absolute.  Krueai  haa  claimed  (25)  for  a 
50(IO-kw.  Curtis  unit,  with  125"  of  superheat,  a  steam-rate  of  14  lb.  per  kw.-hr.; 
and  for  a  2000-kw.  unit,  under  similar  conditions,  16.4  Mi. 

A  2600-kw-.  Brown-Bovcri  turbo-alteniator  at  Frankfort  consumed  U.l  lb.  of 
Bt«im  per  electrical  horsc-power-hour  with  steam  at  173  lb.  gauge  pressure,  super- 
hettl«d  196°  and  at  27.73  ins.  vacuum.  The  7500-kw.  Allis  cross-compound  engines 
of  the  Interborough  Rapid  Transit  Co.,  New  York,  with  190  lb.  gauge  pressure  and 
25  ins.  varuum  (saturated  steam)  used  17.82  lb.  steam  per  kw.-hr.  When  exhaust 
turbines  were  attached  (Art.  541)  the  steam  rat«  for  the  whole  engine  became  between 
13  and  14  lb.  per  kw.-hr.,  or  (at  2S  ins.  vacuum)  the  B.  t.  u,  consumed  per  kw.- 
mh).,  ranged  from  245  to  264;  say,  approximately  from  156  lo  168  B.  t.  u.  per 
Ihp.-tnin.,  which  was  better  than  any  result  ever  reached  by  a  re<!iprocating  engine 
or  a  turbine  alone.  Heat  unit  consumptions  below  280  B.  t.  u.  per  kw.-min.  (190 
per  Ihp.-min.)  have  been  obtained  in  many  turbine  testa. 

553.  Locomotive  Teats.  The  surprisingly  low  steam  rate  of  16.60  lb.  haa 
iHvn  iibtuiiiiid  al  :.'00  lb.  priasure,  with  BUixjrfieat  up  to  192=.  This  la  equivalent 
li>  a  rate  of  17.8  lb.  with  saturated  stfani.  The  test«  at  the  Loui.4Jntia  Purchase 
[  Expositiuu  (20)  showed  an  avera^  steam  rate  of  20.23  lb.  for  all  ciasses  of  engines 
I  tested,  or  of  21.97  for  simple  engines  and  18.55  for  compounds,  with  steam  pres- 
I  Snres  ranging  from  200  to  •22a  lb.  These  results  compare  most  favorably  with  any 
Lablained  from  high-speed  non-condensing  stationary  engines.  The  mechanical 
I '  elficteoey  of  the  locomotive,  in  spite  of  its  large  number  of  journals,  is  high  ;  in 
I  the  tests  referred  lo,  under  good  conditions,  it  averaged  fi8.3  per  cent  for  coiisoli- 
)U  engines  and  8B.1  jier  cent  for  the  Atlantic  type.  The  reason  for  tliese  high 
I  elBcieneiea  arises  from  the  heavy  overload  carried  in  the  cylinder  in  ordinary  ser- 
Tha  maximum  equivalent  evaporation  per  square  foot  of  heating  surface 
I  varied  from  8.55  lo  16.34  lb.  at  full  load,  against  a  usual  rate  not  exceeding  4.0  lb. 
I  in  stationary  boiler*;  tlie  l>oiler  efficiency  consequently  was  low,  the  equivalent 
I  evaporalion  per  |>ound  of  dry  coal  (14,000  B.  t.  u.)  falling  from  11.73  as  a  maxi- 
|-innm  to  6.73  as  a  niiuiinum,  between  the  extreme  ranges  of  loud.  Notwithstand- 
*  PresBures  in  this  chapter,  unless  otlierwise  stated.  n,xv  i/nugf  pressures 
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iiig  this,  a  co&l  consumption  of  2.37  lb.  per  thp.-hr.  bas  been  reached.  These  tiiaU 
were,  ot  course,  laboratory  tests;  rotui  teats,  reported  by  Hitchcock  (27),  show  I«s8 
favcirubln  results;  but  the  locomotive  ia  nevertheless  a  highly  economical  engine, 
coijbi.ltiriiig  the  conditions  under  which  it  runs. 


654.  Engine  Friction.  Excepting  in  the  case  of  turbines,  tlie  figurea  given 
lefi'r  u-iually  to  indicated  horse  power,  or  horse  power  developed  by  the  steam  in 
the  cylinder.  The  effective  borse  power,  exerted  by  the  sliaft,  or  brake  hoTM 
power,  is  always  less  tiian  this,  by  an  amount  depending  upon  the  friction  of  the 
engine.  I'lie  ratio  of  the  latter  to  the  former  gives  the  necbsnical  efficiencjr.  w  faich 
miiy  range  from  0.85  to  0.90  in  good  practice  with  rotalivo  iniginen  of  nioderale 
size,  and  up  to  0.965  in  exceptional  cases.  (See  Art.  497.)  The  brake  horse  power  is 
usually  determined  by  mear<urtng  the  pull  exerted  on  a  friction  brake  applied  to  the 
belt  wheel.  When  an  engine  drives  a  generator,  the  power  indicated  in  the  cylinder 
may  be  compared  with  that  developed  by  the  generator, 
undanover-allefficiencyof  mechanism thnaofatained.  The  S 
difficulties  involved  have  led  to  the  Renenil  custom,  in  5 
turbine  practice,  of  reporting  steam  rates  per  kw.-hr.  i 
Thurston  has  employed  the  method  of  driving  the  engine 
as  a  machine  from  some  external  motor,  and  meoBuring 
the  power  required  by  a  transmission  dyniimonietcr. 

In  direct-driven  pumps,  air    compressors  and    re-  '' 
frigeroting  machines,  the  combined  mechanical  efficiency 
is  found  by  comparing  the  indicator  diagrams  of  the   ( 
steam    and    pump    cylinders.     These    effii?ieDcies    are  i.  ■^ 
high,  on  account  nf  the  decrease  in  number  of  bearings, 
crank  pins,  and  croasheod  pins. 


6SS.   Variation     in     Friction.      Theoretically,    at^^"'  260. 
least,    the    friction    includes    two    parts: 
friction,  tliat  of  the  stuffing  boxes,  which 
iMd  friction,  of  guides,  plus,  and  bearings. 


** — :;3^^' 


Art.  5SS.— ED^ina    ' 
the     initial  FriPthm. 

emains  practically  constant ;  and  tlio 
(vhich  varies  with  the  initial  pressure 
and  eipiuiaive  ratio.  By  plotting 
concurrent  values  of  the  brake  horse 
power  and  trictioti  liorsp  power,  we 
thus  obtain  such  a  diagram  as  that 
of  l''ig.  269,  in  which  the  height  ab 
represents  the  constant  initial  frio- 
tion,  and  the  variable  ordinate  xy 
the  load  friction,  increasing  in  arilh- 
metical  proportion  with  the  load. 
It  has  been  found,  however,  that  i» 
practice  thti  total  friction  is  more 
affected  by  accideiital  variations  in 
lubrication,  ett!.,  thau  by  changes  iu 
load,  and  that  it  may  be  regarded  il 


n   or     arymg     practically  coiistant,_for  a  given  en- 
gine, at  all  loads. 
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The  total  steam  coDsumptioti  of  an  engine  at  an;  load  may  then  be  regarded 
na  iiiHde  up  of  two  parts:  a  constant  amount,  necessary  to  overcome  friction  ;  and 
a  variable  amount,  neceaaary  to 
do  external  work,  and  varying 
with  the  amount  of  that  work. 
WillauB  found  that  this  latter 
part  varied  in  exact  aritbmeli- 
cal  proportion  with  the  load, 
when  tlie  output  of  the  engine 
was  varied  by  ehanffing  the  inilial 
preiture;  a  condition  repre- 
sented by  the  WUlans  line  of 
Fig.  270  (28).  The  steam  rale 
was  thus  the  same  for  all  loads, 
excepting  as  modified  by  fric- 
tion. (Theoretically,  this 
should  not  hold,  since  lowering 
of  the  initial  pressure  lowers  _ 
the  efficiency.)  When  the  load 
is  changed  by  varying  the  rnlio 
of  expansion,  the  corrected  steam  rate  tends  to  decrease  with  increasing  ratios, 
and  to  increase  on  account  of  increased  condensation ;  there  is,  however,  some 
gain  up  to  a  certain  limit,  and  the  Willans  line  must,  therefore,  be  concave  up- 
ward. Figure  271  shows  the  practically  straight  line  obtained  from  a  serii^  of 
tests  of  a  Parsons  turbine.  If  the  line  for  an  ordinary  engine  were  perfectly 
straight,  with  varying  ratios  of  expansion,  the  indication  wonld  be  thnt  the  gain 
by  more  complete  expansion  was  exactly  offset  by  the  increase  in  cylinder  con- 
deii.sation.  A  JHcketed  engine,  in  which  the  influence  of  condensation  is  largely 
eliminated,  should  show  a  maximDm  curvature  of  the  Willans  line. 


559.  Variation  in  Mechanical  Effldency.  With  a  constant  friction  loss,  the 
mechanical  efBciency  must  increase  as  the  load  increases,  hence  the  deeirafiility 
of  running  engines  at  full  capacity.  This  is  strikingly  illustrated  in  the  locomotive 
(Art.  554).  Engines  operating  at  serious  variations  in  load,  as  in  street  railway 
power  plants,  may  be  quite  wasteful  on  account  of  the  low  mean  mechaniral 
efficiency. 

The  curve  in  Fig.  266  gives  daU  for  the  "  Total  "  curve  of  Pig.  27U,  which  is 
pintte-l  on  the  assumption  that  the  horse  poivcr  consumed  in  overcoming  friction 
is  too,  and  the  corresponding  total  weight  of  steam  1001)  lb,  per  hour.  Thus,  at 
700  Ihp.,  the  steam  rate  from  Fig.  206  is  12.1  lb,,  and  the  st«am  consumed  per  hour 
is  8470  lb.    The  corresponding  ordinato  of  the  second  curve  in  Fig.  271a  is  then 


(8470  - 1000)  +  (700  - 100)  -  7470 +600  - 12.45, 
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^^1      412 

^^^V  557,    Limit  of  Expansion,     Anide  from  cylinder  condcaaation,  enidne  friction 

^^H  imposes  a  limil  to  the  desirable  nwBe  of  ex|)ansion.    Thiw,  in  Fig.  272,  the  line 

^^^P  R  (lb  may  tic  drawn  such  that  the  ronstant 

^^^B  pressure   Oa.   represent    thai    neewmuy    (o 

^^^1  I  \  overcome    the    friction    of    the    rngino.     If 

^^^P  \  cxponHioii  Is  curried  below  ah,  8ay  to  c,  the 

^^r  \  force  exerted  by  the  eteam  along;  he.  will  be 

less  Ihan  the  reeistiuR  force  of  the  t 
and  will  be  without  value,  TIk'  maximum 
deeirabic  expansion,  irrespeclive  of  eyiinder 
eondcnsallon,  is  reached  at  h. 

568.    Distribution  of  PrictioB.     Experi- 

tnrnting  in   ihc  miiimer  described   in   Ait. 

556,  Thurston  ascertained  the  distribution 

of  the  friction  load  by  mieeessively  removing 

various    parts    of    the    engine    morhaniBD). 

Extended    tcsl«   of    this   naturv.    niadr   by 

Carpenter  and  Preston  (29)  on  n  horizontal  engine  indit^te  that  from  35  to  47  per 

cent  of  ilie  whole  friction  load  is  imposed  by  the  shaft  bearinRB,  from  32  to  49  pet 

ci'nt  by  the  piston,  piston  rod,  pins,  and  slides  (the  greater  part  of  this  arisjOK  fram 

the  piston  and  rod),  and  the  remaining  load  by  the  valve  mecbaniBin. 

(!)  7"r<in».  A.  S.  3f.  K..  Pr-f.  /itM  M.  E.,  ZtiU.  Fer.  Deutsth.  Inp..  etc.  (Se« 
The  Enijini-rring  Ilu,i.-tt,  NtiveiuluT,  ISOB,  p.  542.)  (3J  Proc.  hut.  Mtrh.  Eng.,  (mm  1889. 
(3)  Eiiijhii'  Trsia.  by  (ii'o.  U.  Hnrrua,  (4)  Sttam  Tarhlaen,  lOOB,  SH&^m.  (6)  A«- 
»f<xr<:hf'  in  Ejijrrimriilal  Steam  Engineertag.  (6)  Poahody,  ntrmodgnamifM,  1W17, 
2«  ;  Wl.ite,  J'.ur.  Am.  *-c.  -Vae.  Sngn^  X.     (7)  Tram.  A.  S.  M.  S.,  XXS,  0,  S 
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(8)  Ewing,  The  Steam  Engine,  1006,  177.  (9)  Denton,  The  Stevens  Institute  Indi- 
cator, January,  1905.  (10)  Trans.  A.  S.  M.  E.,  XXIV,  1274.  (11)  Denton,  op.  eit. 
(12)  Ewing,  op,  crt.,  180.  (1.*^)  Trans,  A.  S.  M,  E„  XXI,  1018.  (14)  Ihid.,  XXI,  327. 
(15)  /ftiU,  XXI,  793.  (10)  /6iU,  XXI,  181.  (17)  /6/d.,  XXVni,  2,  221.  (18)  Ibid., 
XXV,  264.  (19)  Ibid,,  XXVIII,  2,  225.  (20)  Thomas,  Steam  Turbines,  1906,  212. 
(21)  roicer,  November,  1907,  p.  772.  (22)  Proc.  Inst.  Nav.  Archts.,  April  9,  1908. 
(23)  Op.  cit,  (24)  Trans,  A.  S.  M.  E.,  XXV,  745  et  seq.  (25)  Power,  December, 
1907.  (26)  Locomotive  Tests  and  Exhibits,  published  by  the  Pennsylvania  Railroad. 
(27)  Trans.  A,  S.  M,  E„  XXVI,  064.  (28)  Min.  Proc.  Inst.  C.  E.,  CXIV,  189a 
(29)  Peabody,  op.  cit.,  p.  296. 

SYNOPSIS   OF  CHAPTER   XV 

Sources  of  information :  development  of  steam  engine  economy. 
Limit  of  efficiency  (Rankine  cycle);  with  the  regenenitive  engine,  the  Camot  cycle; 
with  the  turbine,  the  Clausius  cycle.     Efficiency  vs.  steam  rate. 

Variables  affecting  performance : 

Efficiency  varies  directly  with  initial  pressure ; 
is  independent  of  initial  dryness  ; 

is  increased  by  high  superheat  (superheat  is  a  substitute  for  componnding); 
varies  inversely  as  the  back  pressure,  and  is  greater  in  condensing  than  in 

non-condensing  engines ; 
reaches  a  maximum  at  a  moderate  ratio  of  expansion  and  decreases  for 

ratios  above  or  below  this ; 
varies  directly  with  the  number  and  independence  of  valves ; 
may  be  seriously  reduced  by  leakage  or  high  compression ; 
is  usually  somewhat  increased  by  jacketing; 
increases  with   the  number  of  expansive  stages,   though  more  and  more 

slowly ; 
is  low  in  very  ^mall  engines  or  at  very  high  rotative  speeds ; 
in  ordinary  practice  is  below  published  records. 
Typical  figures  for  reciprocating  engines  and  turbines,  with  saturated  and  super- 
heated steam,  simple  vs.  compound,   condensing  vs.  non-condensing,  with  and 
without  jackets,  triple  and  quadruple  regenerative. 


PROBLEMS 

(See  footnote,  Art.  552.) 

1.  Find  the  heat  unit  consumption  of  an  engine  using  30  lb.  of  dry  steam  per 
Ihp.-hr.  at  100  lb.  gauge  pressure,  discharging  thus  steam  at  atmospheric  pressure, 
llow  much  of  the  heat  (ignoring  radiation  losses)  in  each  pound  of  steam  is  rejected  ? 
What  is  the  quality  of  the  steam  at  release  ? 

(Ans.,  a,  504.4  B.  t.  u.  per  minute  ;  b,  1088.8  B.  t.  u. ;  c,  93.6  per  cent.) 

2.  What  is  the  mechanical  efficiency  of  an  engine  developing  300  Ihp.,  if  30  hp. 
is  employed  in  overcoming  friction  ?     {Ans.,  90  per  cent.) 

3.  Why  is  it  unprofitable  to  run  multiple  expansion  engines  non-condensing  ? 
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4.  Find  the  heal  unit  cimsumptiana  correspundiiig  to  ilie  figures  in  Art.  553  fot 
De  I^aval  turbines,  aeauming  the  vacuum  to  hitve  been  27  In.* 


[Aju 


2Q5;I 


e.) 


5.  Find  the  heat  unit  consuinption  tor  tlie  750O-kw.  unit  in  Art.  662. 

(Ana.,  2B6.3B.  t.u.) 

6.  Estimate  the  probable  limit  of  boiler  efficiency  ot  the  plant  on  the  S.S. 
Liis:taiila,  If  the  coni  contained  14,200  B.  t.  n,  per  lb. 

\Ans,,  if  engine  themuil  etGclcncj  were   0.20,  mechanical   efficiency   O.QO,    the 
boiler  efficiency  muut  have  been  at  lei»t  0.69.J 

7.  Determine  from  data  giren  in  Art.  553  whether  a  coal  consumptiim  of  2,27 
lb.  per.  Ihp.-Ur.  is  urudible  for  a  locomotive. 

8.  tJrfng  Taluea  given  for  the  coal  consumption  and  mechanical  efficiency,  vrith 
Low  little  coiil  (14,000  B.  t.  u.  per  pound),  might  a  locomotive  travel  100  miles  at  a 
flpeed  of  50  miles  per  hour,  while  exerting  a  pull  at  the  drawbar  of  22,000  lb.  ?  Make 
comparisons  with  Problem  8,  Chapter  n.  and  determine  the  possible  efficiency  from 
coal  to  drawbar. 

9.  An  en^e  conBumea  220  B.  t.  u.  per  Ihp.-min.,  360  B.  t.  a.  per  kw.-min.  of 
generator  output.  The  generator  efSciency  is  0.03.  What  is  the  mechanicsJ 
efficiency  of  the  direct-coanected  unit  ?     (Aat.,  S8  per  cent.) 

10.  From  Fig.  271,  plot  a  curve  showing  the  variation  in  xteam  consumpcion  per 
kw.-lir.  as  the  load  changes. 

11.  An  engine  works  l>etween  150  and  2  lb.  absolute  pressure,  the  mechanic*! 
efficiency  being  0.75.  What  ia  the  deairable  ratio  of  (liyperlKjlic)  ejqiansion,  friction 
losses  alone  being  considered,  and  clearance  being  ignored  ?_  (Aas.,  12.25.) 

12.  If  the  mechanical  efficiency  of  a  rotative  engine  is  0.85,  what  should  be  IW 
mechanical  efficiency  when  directly  driving  an  air  compressor,  based  ou  the  mluimiun 
values  of  Art.  558  ?     {Ann.,  0.94.) 

13.  In  the  jacket  of  an  engine  there  are  condensed  310  lb.  of  steam  per  hour, 
the  steam  being  initially  4  per  cent  wet.  The  jacket  supply  is  at  150  lb.  abaolute 
pressure,  and  the  jacket  walls  radiate  to  the  atmosphere  32  I),  t.  u.  per  minute.  How 
much  heat,  per  hour,  is  supplied  by  the  jackets  lo  the  steam  in  the  cylinder  ? 

14.  A  plant  consumes  1.2  lb.  of  coal  {14,000  B,  t.u.  per  lb.)  per  brake  hp.^ir. 
What  is  the  thermal  efficiency  ? 

•  Vacua  are  measured  downmard  from  atmospheric  pressure.  One  atmoepbeie— 
14.6110  lb.  per  square  inch  =  —29,921  inchca  of  (mereiU7)  vacuum.  If  p  — absoluu 
pressure,  pounds  per  square  inch,  ij  =  vacuum  in  inches  of  mercury, 


CHAPTER  XVI 

THE  STEAM  POWER  PLANT 

560.  Fuels.  The  complex  details  of  steam  plant  management  arise 
largely  from  differences  in  the  physical  and  chemical  constitution  of 
fuels.  "  Hard"  coal,*  for  example,  is  compact  and  hard,  while  soft  coal  is 
friable ;  the  latter  readily  breaks  up  into  small  particles,  while  the  former 
maintains  its  initial  form  unless  subjected  to  great  intensity  of  draft. 
Hard  coal,  therefore,  requires  more  draft,  and  even  then  burns  much  less 
rapidly  than  soft  coal;  and  its  low  rate  of  combustion  leads  to  important 
modifications  in  boiler  design  and  operation  in  cases  where  it  is  to  be  used. 
Soft  coal  contains  large  quantities  of  volatile  hydrocarbons ;  these  distill 
from  the  coal  at  low  temperature,  but  will  not  remain  ignited  unless  the 
temperature  is  kept  high  and  an  ample  quantity  of  air  is  supplied.  The 
smaller  sizes  of  anthracite  coal  are  now  the  cheapest  of  fuels,  in  propor- 
tion to  their  heating  value,  along  the  northern  Atlantic  seaboard ;  but  the 
supply  is  limited  and  the  cost  increasing.  In  large  city  plants,  where 
fixed  charges  are  high,  soft  coal  is  often  commercially  cheaper  on  account 
of  its  higher  normal  rate  of  combustion,  and  the  consequently  reduced 
amount  of  boiler  surface  necessary.  The  sacrifice  of  fuel  economy  in 
order  to  secure  commercial  economy  with  low  load  factors  is  strikingly 
exemplified  in  the  "double  grate"  boilers  of  the  Philadelphia  Rapid' 
Transit  Company  and  the  Interborough  Rapid  Transit  Company  of  New 
York  (1). 

561.  Heat  Value.  The  heat  value  or  heat  of  combustion  of  a  fuel  is  dotermined 
by  completely  burning  it  in  a  calorimeter,  and  noting  the  rise  in  temperature  of  the 
calorimeter  water.  The  result  stated  is  the  number  of  heat  units  evolved  per  pound 
with  products  of  combustion  cooled  down  to  32°  F.  Fuel  oil  has  a  heat  value 
upward  of  18,000  B.  t.  u.  per  j>ound;  its  price  ia  too  high,  in  most  sections  of  the 
country,  for  it  to  compete  with  coal.  Wood  is  in  some  sections  available  at  low 
cost;  its  heat  value  ranges  from  6500  to  8500  B.  t.  u.  The  heat  values  of  com- 
mercial coals  range  from  8800  to  15,000  B.  t.  u.  Specially  designed  furnaces  are 
usually  necessary  to  bum  wood  economically. 

♦  A  coal  may  be  called  ?iard,  or  anthracite,  when  from  89  to  100  per  cent  of  its 
combustible  is  ./teed  (non-volatile,  uncombined)  carbon.  If  this  pen'entagc  is  between 
83  and  89,  the  coal  is  semirbituminoua  ;  if  less  than  83,  it  is  bituminous^  or  soft, 
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TABLE— COMBUSTION  DATA  FOR  VARIOUS  FUELS 


Symbol. 

Equivaleot  RgkctioD-t 

^U 

Hydrogei! 

H 

C 

0 
CO 
CH, 
CH4 
C,H, 

8 
C,Hu 

H.+0  =  UiO 

c+o=co 
c+o.^co. 
co+o=co, 

CH,+0.=2C0,+H,0 
CH,+0,=C0,+2H,U 
C,H.+0,-2CO,+2H^ 

s+o.=so, 

C,Hi,+0„=6CO,+7H^ 

62,  loot 

Carbon 

Carbon  monoxide 

14.500 
4,38a 
21,400: 
23.8421 

21.2.WI 
4,100 

ig.ooot 

Ethylene 

iIbde  Is  e  variable  miiturr  nl  bydronarbomi.  CiHn  briaE  a  piababl«  hi 
""s!iiir'a°ri!p™™  Wbi'"  b?."  vbJu«  ^  °^bcn  hydrogen,  or  ■  fud  ci 


atb< 


'he'"  1^ 


66I1.  Computed  Heat  Values.  When  a  fuel  contains  hydrogen  and  carbon 
only,  ita  heut  value  nmy  bo  conijmted  from  Hiose  of  the  constituents.  If  oxytrca 
also  is  present,  the  heat  of  combustion  is  that  of  the  wibstanee*  iincomhined  witJi 
oxygen.  Thus  in  the  ease  of  eelluloae,  CiHioOj,  tlie  hydrogen  is  all  comhiix^d  with 
oxygen  and  imavailablf  us  a  fuel.  The  carbon  constitutes  the  1  Vj  =0.444  port 
of  the  substanpe,  by  weight,  and  the  computed  heat  value  of  a  pound  of  celliikwe 
ia  therefore  0.444  X  14.500 =643(t  B.  I.,  u. 

The  heat  of  combustion  of  a  compound  may,  however,  differ  from  (hut  of  the 
combustibles  which  it  eontains.  because  a  compound  must  be  decomiwsed  belorc 
it  can  be  burned,  anJ  this  decomposition  may  be  cither  rxolhermic  (heat  emitting) 
or  enihlherir'ie  (heat  absorbing)-  In  the  case  of  acetylene,  CtHi,  for  example,  if 
the  heat  evolved  in  de<!ompoaitian  is  3200  B.  t.  ti.,  the  "  high  "  heat  of  coinbiiatioii 
is  computed  as  follows: 

C-HX!4,500  =13,400 

H=AX63,100  =  4,790 

Heat  of  decomporaUon  =  3,200 


Heat  value 


=21,390 


With  an  endothermic  compound  the  heat  of  combustion  will  of  course  be  lft» 
than  that  calculated  from  the  combustibles  present. 

Suppose  0,4  ^■u.  ft.  of  gas  to  be  burned  in  a  calorimeter,  raising  the  tenipcmture 
of  10  lb.  of  wuler  2:1'  F.  The  heal  absorbed  by  the  water  is  lOX2.'i=250  B.  t.  U., 
and  the  heat  value  of  the  gas  is  250-5-0.4  =flfi5  B.  t,  u.  per  cu.  ft.  If  the  tempem- 
ture  of  the  gas  at  the  bcginninR  of  the  operation  were  40°  F.,  and  its  pressure  30.S 
ins.  of  oiercury.  then  from  the  relation 

PV     ^        30,5  K        29.M_p 

r  "  r      40+4110  "  32+460' 

«p  =  1.001V. 
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we  find  that  a  cubic  foot  of  gas  under  the  Eissigned  conditions  nould  become  l.OOt 
eu.  ft.  of  gas  under  etandard  conditions  (32°  P.  and  29.92  in.  barometer).  The 
heat  value  per  cubic  Toot  under  standard  conditions  would  then  be  625 -t- 1.001  ■'6S44 
B.  t.  u. 

These  are  the  "  high  "  heat  values.  Suppose,  during  the  combustion,  Vo  lb. 
of  water  to  be  condensed  from  the  gas,  at  100°  F.  Taking  the  latent  heat  at  970.4 
and  the  heat  evolved  in  cooling  from  212°  t«  100°  at  112  B.  t.  u.,  the  heat  con- 
tributed during  condensation  and  cooling  would  be  0,05(970.4  +  112)  =54.12  B.  t.  u., 
and  the  "  low  "  heat  value  of  the  gas  under  the  actual  conditions  of  the  experiment 
would  be  625-M.12=570.SS  B.  t.  u. 

The  tabulated  "  heat  value  "  of  a  fuel  is  usually  the  amount  of  heat  liberated 
by  1  lb.  thereof  when  it  and  the  air  for  combustion  are  supplied  at  32°  F.  and  atmos- 
pheric pressure,  and  when  the  products  of  combustion  are  completely  cooled  down 
to  these  standard  conditions.  In  most  applications,  the  constituents  are  suppUed 
at  a  temperature  above  32°  F.,  and  the  products  of  combustion  are  not  cooled  down 
to  32°  P.  Two  corrections  are  then  necessary:  an  addition,  to  cover  the  heat 
absorbed  in  raising  the  supphed  fuel  and  air  from  32°  to  their  actual  (emperatures, 
and  a  deduction,  equivalent  to  the  amount  of  heat  which  would  be  liberated  by  the 
products  of  combustion  in  cooling  from  their  actual  condition  to  32°. 

662.  Boiler  Room  Engmeering.  While  the  hniit  of  prc^ess  in  steam  engine 
economy  has  apparently  been  almost  reali/.ed,  lat^e  opportunities  for  improvement 
are  offered  in  boiler  operation.  This  is  usually  committed  lo  cheap  labor,  with 
insufficient  supervision.  Proper  boiler  operation  can  often  cheapen  power  to  a 
greater  extent  than  can  the  substitution  of  a  good  en^ne  for  a  poor  one.  New 
designs  and  new  test  records  are  not  necessary.  Efficiencies  already  rejiorted 
equal  any  that  can  be  expected;  but  the  attainment  of  these  eflicieijcies  in  ordi- 
nary operation  is  essential  to  the  continuance  in  use  of  steam  as  a  power  produc- 
ing medium. 

563.  CombustloD.  One  pound  of  pure  carbon  burned  in  air  uses  2.67 
lb.  of  oxygen,  forming  a  gas  consisting  of  3.67  lb.  of  carbon  dioxide  and 
8.y0  lb.  of  nitrogen. 
If  insufHcient  air 

is     supplied,     the  3^ 

amount  of  carbon  ^ 

dioxide   decreases,  g 

some  carbon  mon-  •, 

oxide         being  | 

formed.    Iftbeur  j' 

supply    is    50    per  ; 

cent,  deficient,  no  - 

carbon  dioxide  can  si 

(theoretically  at  g 

least)   be    formed.  " 
With  air  in  excess, 
additional   free 

oxygen   and    nitro-  Yio.TiX    An8.563.66*.  — Air  Supply  an-ICombOHtlon. 
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ture  produced ;  than  for  combustion  to  catbou  dioxide,  T  - 

for  combustion  to  carbon  monoxide,  T—  i  =  "btt;-    The  rise  of  tempers 


418  APPLIED  THERMODYNAMICS 

gen  will  be  found  in  the  products  of  combnstion.  Figure  273  iHua- 
trates  the  percentage  composition  by  volume  of  the  gases  formed  by 
combustion  of  pure  curbon  in  varying  amounts  of  air.  The  propor- 
tion of  carbon  dioxide  reaches  a  maximum  when  the  air  supply  is  jnet 
right. 

664.  Temperature  Rise.   In  burning  to  carbon  dioxide,  each  pound  of 

carbon  evolves  li,.")00  IS.  t.  u.  In  burning  the  ciirbon  morinxide,  only  4450 
B.  t.  u.  are  evolved  jier  pound.  Let  H'  be  the  weight  of  gas  formed  per 
pound  of  carbon,  ^its  mean*  specific  heat,  T—l  the  elevation  of  tempera- 

^14500 
WK 
■  B^ 

ture  is  much  less  in  the  latter  case.  As  air  is  supplied  in  ext^ess,  W 
increases  while  the  other  quantities  on  the  right-hand  sides  of  these  equv^ 
tions  remain  constant,  so  that  tlie  temperature  rise  simiSarly  decreaeea., 
The  temperature  elevations  are  plotted  in  Fig,  273.  The  maximutn  rist^ 
of  temperature  occurs  when  the  air  supply  is  just  the  theoretical 

668.  Practical    Modifications.      These    curves   truly   represent    iho' 

phenomena  of  combustion  only  when  the  reactions  are  perfect.  la 
practice,  the  fuel  and  air  are  somewhat  imperfectly  mixed,  ao  that 
commonly  find  free  oxygen  and  carbon  monoxide  along  with  carboa 
dioxide.  The  presence  of  even  a  very  small  amount  of  carbon  monoxide 
appreciably  reduces  tbe  evolution  of  heat.  The  beat  resuita  are  obtained 
by  supplying  some  excess  of  air;  instead  of  the  theoretical  11.57  lb., 
about  16  lb.  may  be  supplied,  in  good  practice.  In  poorly  operated 
plants,  the  air  supply  may  easily  run  up  to  50  or  even  100  lb.,  the 
percentage  of  carbon  dioxide,  of  course,  steadily  decreaHing.     Gases 

*  K]b  quite  variable  tor  wide  temperature  ranges.  (See  Art.  83.)  In  general.  It 
may  Ihj  written  as  a±6(  or  as  a±W±f('  where  a.  b  and  c  are  constants  and  t  tha 
temperature  range  from  aome  experiiiiGiitallf  aet  state.    For  aacarat«  work,  then 


E=  r  V(B=  C"adt±  C  Wt±  f'efdt 


'a(ti-'.)±T,(V-(i')±^(t-'-«.'). 


the  lut  term  dinappearing  when  K  may  bo  written  03  a  f  unctloui  of  Uie  flnt  p 
unlf  ol  Uie  temperature. 


STEAM  BOILERS  419 

containing  10  per  cent  of  dioxide  by  volume  are  usually  considered 
to  represent  fair  operation. 


566.  Distribution  of  Heat  Of  the  heat  supplied  to  the  boiler  by  the  fuel,  a 
(.art  is  employed  in  making  steam,  a  small  amount  of  fuel  is  lost  through  the  grate 
bars,  some  heat  is  transferred  to  the  external  atmosphere,  and  some  is  carried  away 
by  the  heated  gases  leaving  the  boiler.  This  last  is  the  important  item  of  loss. 
Its  amount  depends  ui)on  the  weight  of  gases,  their  specific  heat  and  temperature. 
The  last  factor  we  aim  to  fix  in  the  design  of  the  boiler  to  suit  the  specific  rate  of 
combustion;  the  specific  heat  we  cannot  control;  but  the  weight  of  gaa  is  determined 
solely  by  the  supply  of  air,  and  is  subject  to  operating  control. 


Efficient  operation  involves  the  minimum  possible  air  supply  in 
excess  of  the  theoretical  requirement;  it  is  evidenced  by  the  percentage 
of  carbon  dioxide  in  the  discharged  gases.  If  the  air  supply  be  too 
much  decreased,  however,  combustion  may  be  incomplete,  forming 
carbon  monoxide,  and  another  serious  loss  will  be  experienced,  due 
to  the  potential  h  jat  carried  off  by  the  gas. 


567.  Air  Supply  and  Draft.  The  draft  necessary  is  determined  by  the 
physical  nature  of  the  fuel;  the  air  supply,  by  its  chemical  composition.  The 
two  are  not  equivalent;  soft  coal,  for  example,  requires  Uttle  draft,  but  ample  air 
supply.  The  two  should  be  subject  to  separate  regulation.  Low  grade  anthracite 
requires  ample  draft,  but  the  air  supply  should  be  closely  economized.  If  forced 
draft,  by  steam  jet,  blower,  or  exhauster,  is  employed,  the  necessary  head  or 
pressure  should  be  provided  without  the  delivery  of  an  excessive  quantity  or 
volume  of  air. 

Drafts  required  vary  from  about  0.1  in.  of  water  for  free-burning  soft  coal  to 
1.0  in.  or  more  for  fine  anthracite.  A  chimney  is  seldom  designed  for  less  than 
0.5  in.,  nor  forced  blast  apparatus  for  less  than  0.8  in. 


568.  Types  of  Boiler.  Boilers  are  broadly  grouped  as  fire-tube  or 
water-tube,  internally  or  externally  fired.  A  type  of  externally  fired  water- 
tube  boiler  has  been  shoum  in  Fig.  233.  In  this,  the  Babcock  and  Wilcox 
design,  the  path  of  the  gases  is  as  described  in  Art.  508.  The  feed  water 
enters  the  drum  6  at  29,  flows  doi^-nward  through  the  back  water  legs 
at  a,  and  then  upward  to  the  right  along  the  tubes,  the  high  tem- 
perature sone  at  1  compeUing  the  water  above  it  in  tubes  to  rise.  Figure 
274  shows  the  horizontal  tubular  boiler,  probably  most  generally  used  in  this 
country.  The  fire  grate  is  at  6*.  The  gases  pass  over  the  bridge  wall  0,  under 
the  shell  of  the  boiler,  up  the  back  end  K,  and  to  the  right  through  tubes  run- 
ning from  end  to  end  of  the  cyUndrical  shell.    The  tubes  terminate  at  C,  and 
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I  up  and  away.     Feed  water  sitars  Ihe  front,  head,  ia  carried  in  the 
'O  tiiirds  of  the  diatance  to  the  back  end,  und  then  Falla,  h  cumpensatiag 


upward  current  being  generated  overtliej,'rati!.  TliLs  i>:  an  ei-li  mtitl •/  jired  flre-tul* 
boiler.  Figure  275  shows  the  well-known  locomotive  boiler,  which  is  internally  fired. 
The  coldest  part  of  this  boiler  is  at  the  end  farthest,  from  the  gral«,  on  the  esposed 
sides.  The  feed  is  consequently  admith^d  ht^ri'.,  Figure  276  shows  a  boiler  rum- 
raonly  used  in  marine  service.  The  grvAo  ia  placed  in  nn  interunl  furnace;  the 
gtues  pass  upward  in  the  back  end,  and  return  through  the  tubes.  Thu  feed  jii[w 
is  located  as  lu  horizontal  tubular  boilers 
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569.  DlKtiuion.  The  internally  fired  boiler  requires  no  brick  fumaC6 
setting,  and  is  compact. 
The  water-tube  boiler  is 
rather  safer  than  the  fire- 
tube,  and  requires  less 
space.  It  can  be  more 
readily  used  with  high 
steam  pressures.  The  im- 
portant points  to  obserre 
in  boiler  types  are  the 
paths  of  the  gases  and  of 
the  water.  The  gases 
should,  for  economy,  im- 
pinge upon  and  thoroughly 
circulate  about  all  parts 
of  the  heating  surface; 
the  circulation  of  the 
water  for  safety  and  large 
capacity  should  be  posi- 
tive and  rapid,  and  the 
cold  feed  water  should  be 
introduced  at  such  a  point 
as  to  assist  this  circula- 
tion. 

There  is  no  such  thing 
as  a  "  most  economical 
type"  of  boiler.  Any 
type  may  be  economical 
if  the  proportions  are 
right.  The  grade  of  fuel 
used  and  the  draft  attain- 
able determine  the  neces- 
sary area  of  grate  for  a 
given  fuel  consumption. 
The  heating  surface  must 
be  sufficient  to  absorb  the 
heat  liberated  by  the  fuel. 
The  higher  the  mte  of 
combustion  (pounds  of  fuel 
burned  per  square  foot  of 
grate  per  hour),  the  greater 
the  relative  amount  of 
heating  surface  necessary. 


APPLIED  THEEMODYNAMIOS 


XIL. 


Hates  of  combustion  range  from  12  lb.  with  low  grade  hard  coal  gi 
natural  draft  up  to  30  or  40  lb,  with  soft  coal ;  •  the  corresjignding  ratii 
of  heating  surface  to  grate  surface  may  vary  from  30  up  to  60  or 
The  liest  economy  has  usually  been  associated  with  high   ratioa.     Tl 
rate  of  evaporation  is  the  number  of  pounds  of  water  evajwrated 
square  foot  of  heating  surface  per  hour;  it  ranges  fi-oni  3.0  upward,  di 
pending  upon  the  activity  of  circulation  of  water  and  gitscs.f    An  effecti' 
heating  surface  usually  leads  to  a  -low  flue-gas  temperature  and  relative); 
stiiall  loss  to  the  stack.     Small  tubes  increase  the  efficiency  of  the 
ing  surface  but  may  be  objectionable  with  certain  fuels.    Tubea  aeldoi 
exceed  20  ft.  in  length.     In  water-tube  boilers,  the  arrangement  of  t«l 
is  important.     If  the  bank  of  tubes  is  comparatively  wide  and  shallui 
the  gases  may  pass  ofE  without  giving  up  the  prop*>r  proportion  of  lli 
heat.     If  the  bank  is  made  too  high  and  narrow,  the  grate  area  may 


attained   in  loi^oniotivc  practice ;  aiiJ  in  torp«lo  lHnt% 
«  200  lb.  uf  coal  may  be  buniiil  per  aquiire  fui>t.  o 


*  Much  higher  rates  arc 
witli  hilense  draft,  an  oiiich 
per  lioiir. 

f  Former  ideas  ro^riiing  oconomiual  rates  of  evupunition  Mill  holler  rapiicit;  i 
being  seriously  modified.  Bone  has  toiuid  in  "  surface  conilnislion"  with  fnu  fii 
boilera  ui  efflclency  of  0.94  to  be  possible  with  an  evaporation  rate  ot  21.0  lb.  (t 
Pwer,  Not.  21,  1911,  Jan.  16,  1912.) 
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too  much  restricted.    The  gases  must  not  be  allowed  to  reach  the  flue 
too  quickly. 

670.  Boiler  Capacity.  A  boiler  evaporating  3450  lb.  of  water  per 
hour  from  and  at  212°  F.  performs  970.4X778X3450=2,600,000,030 
foot-pounds  of  work,  or  1300  horse  power.  No  engine  can  develop 
this  amount  of  power  from  3450  lb.  of  steam  per  hour;  the  power 
developed  by  the  engine  is  very  much  less  than  that  by  the  boiler  which 
supplies  it.  Hence  the  custom  or  rating  boilers  arbitrarily.  By  defini- 
tion of  the  American  Society  of  Mechanical  Engineers,  a  boiler  horso 
power  means  the  evaporation  of  34J  lb.  of  water  per  hour  from  and  at 
212°  F.  This  rating  was  based  on  the  assumption  (true  in  1S76,  when 
the  original  defim'tion  was  estabUshed)  that  an  ordinary"  good  engine 
required  about  this  amount  of  steam  per  horse  power  hour.  This 
evaporation  involves  the  liberation  of  about  33,000  B.  t.  u.  per  hour. 
Under  forced  conditions,  however,  a  boiler  may  often  transmit  as  many 
as  25  B.  t.  u.  per  square  foot  of  surface  per  hour  per  degree  of  tem- 
perature difference  on  the  two  sides  of  its  surface. 

571.  Limit  of  Efficiency.  Tlie  gjises  cannot  leave  the  boiler  at  a 
lower  temperature  than  that  of  the  steam  in  the  boiler.  Let  t  be  the 
initial  temperature  of  the  fuel  and  air,  x  the  temperature  of  the  steam, 
and  T  the  temperature  attained  by  combustion ;  then  if  TF  be  the 
weight  of  gas  and  K  its  specific  heat,  assumed  constant,  the  total 
heat  generated  is  WK(^T'-'  ^),  the  maximum  that  can  be  utilized  is 
TfX^y  —  a:),  and  the  limit  ci  efficiency  is 

T-x 

In  practice,  we  have  as  usual  limiting  values  37=4850,  rr=350,  f =60 ; 
whence  the  efficiency  is  0.94  — a  value  never  reached  in  practice. 

572.  Boiler  Trials.  A  standard  code  for  conducting  boiler  trials  has 
been  published  by  the  American  Society  of  Mechanical  Engineers  (2). 
A  boiler,  like  any  mechanical  device,  should  be  judged  by  the  ratio  of  the 
work  which  it  does  to  the  energy  it  uses.  This  involves  measuring  the 
fuel  supplied,  determining  its  heating  value,  measuring  the  water  evaporated, 
and  the  pressure  and  superheat,  or  wetness,  of  the  steam.  The  result 
is  usually  expressed  in  pounds  of  dry  steam  evaporated  per  pound  of  coal 
from  and  at  212°  F.,  briefly  called  the  equivalent  evaporation. 

Let  the  factor  of  evaporation  be  F.  If  W  pounds  of  water  are  fed  to 
the  boiler  per  pound  of  coal  burned,  the  equivalent  evaporation  is  FW. 
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If  C  be  the  heating  value  per  pound  of  fuel,  the  efficiency  is  970  FW  ->  C. 
Many  excessively  high  values  for  efficieney  have  been  report*"!!  in  con- 
sequence of  not  correcting  for  wetness  of  the  steam;  the  proportion 
of  wetness  may  range  up  to  1  per  cent  in  overloaded  boilers.  The 
highest  well-confirmed  figures  give  boiler  efficiencies  of  about  S3  per 
cent.  The  average  efficiency,  considering  all  plants,  probably  ranges 
from  0.40  to  O.fiO. 

573.  Checks  on  Operation.  A  careful  boiler  trial  is  rather  expensive,  and 
must  often  interefere  with  the  operation  of  the  plant.  The  best  indication  of  cur- 
rent edirienFy  obtainable  is  that  afforded  by  analysis  of  the  flue  gases.  It  ba« 
been  shown  that  maxiinuni  efficiency  is  attained  when  the  pcriientage  of  c&rbon 
dioxide  reaches  a  moTdmum.  Automatic  instruments  are  in  use  for  continuously 
determining  and  recording  the  proportion  of  this  constituent  present  in  Que  gaees. 

576.  Chimney  Draft.  In  most  cases,  the  high  temperature  of  the  6ue  gases 
leavinR  the  boiler  in  uliUzed  to  produce  a  natural  upward  diaft  for  the  aiaintenancc 
of  combustion.  At  equal  temperatures,  the  chimney  gas  would  be  heavier  than  the 
external  air  in  the  ratio  (n  +  l)-^n,  where  n  is  the  number  of  pounds  of  air  supplied 
per  pound  of  fuel.     If  T,  I  denote  the  respective  absolute  temperatures  of  air  and 


gas,  then,  the  density  of  the  outside  air  being  1, 

At  60°  F.p  the  volume  of  a  pound  of  air  is  13  cu 
of  croas-sectional  area  A  and  height  H  is  then 


that  of  the  chimney  gas 
.  ft.    The  weight  of  gas  i 


I  a  chimney 


X7/^'(iii)*l3. 


The  "pressure  head,"  or  draft,  due  to  the  difference  in  weight  inside  and  oulsiilft 

is,  per  unit  are-o, 


in  pounds  per  square  foot,  if  appropriate  units  are  used ;  drafts  are.  how- 

lally  slated  in  ■'  inches  of  water,"  one  of  which  is  equal  to  5.2  lb.  per  niusra 

The  force  of  draft  therefore  depends  directly  on  the  height  of  tliechiiimey; 

3  substantially  eqiial  to  n,  maximum  draft  is  obtained  whpn  T~t 

ir  (since  T  is  fixed)  when  I  is  a  maximum ;  in  the  actual  case, 

e  quanlitij  of  gnu  pamng  would  lie  seriously  reduced  if  the  valiio  of  I 

o  high,  and  best  results  (3),  so  far  as  draft  is  concerned,  are  ubtained  wbi-n 

:r;:25:12. 

To  determine  the  area  of  chimney:  the  velocity  of  the  gases  is,  in  feet  per 

.nd. 


=  -i/2yA  =  8.03VA  = 


o  the  n 


•  pressure  p  and  density  d  of  the  gases  in 


CHIMNEY  DESIGN  425 

Then  if  C  lb.  of  coal  are  to  be  burned  per  hour,  the  weight  of  gases  per  second  is 

C(n -hi)    ,,    .        ,  .    C(n -hi) 

-3^-,  their  volume  IS  -ggg^, 

and  the  area  of  the  chinmey,  in  square  feet,  is 

3600  d    '^-^Sd' 

A  slight  increase  may  be  made  to  allow  for  decrease  of  velocity  at  the  sides.  The 
results  of  this  computation  will  be  in  line  with  those  of  ordinary  "  chimney  tables," 
if  side  friction  be  ignored  and  the  air  supply  be  taken  at  about  75  lb.  per  pound 
of  fuel.  , 

576.  Mechanical  Draft.  In  lieu  of  a  chimney,  steam-jet  blowers  or  fans  may 
be  employed.  These  usually  cost  less  initially,  and  more  in  maintenance.  The 
ordinary  steam- jet  blower  is  wasteful,  but  the  draft  is  independent  of  weather  con- 
ditions, and  may  be  greatly  augmented  in  case  of  overload.  The  velocity  of  the 
air  moved  by  a /an  is 

where  h  is  the  head  due  to  the  velocity,  equal  to  the  pressure  divided  by  the 
density.     Then  / « , 

If  a  be  the  area  over  which  the  discharge  pressure  p  is  maintained,  the  work 

necessary  is  W  =  pav  =dav^  ^2  g. 

We  may  note,  then,  that  the  velocity  of  the  air  and  the  amount  delivered 
vary  as  the  peripheral  speed  of  the  wheel,  its  pressure  as  the  square,  and  the 
power  consumed  as  the  cube,  of  that  speed.  Low  peripheral  speeds  are 
therefore  economical  in  power.  They  are  usually  fixed  by  the  pressure 
required,  the  fan  width  being  then  made  suitable  to  deliver  the  required 
volume. 

577.  Forms  of  Fan  Draft.  The  air  may  be  blown  into  a  closed  fire  room  or* 
ash  pit  or  the  flue  gases  may  be  sucked  out  by  an  induced  draft  fan.  In  the  last 
case,  the  high  temperature  of  the  gases  reduces  the  capacity  of  the  fan  by  about 
one  half;  i.e.,  only  one  half  the  weight  of  gas  will  be  discharged  that  would  be 
dehvered  at  60**  F.  Since  the  density  is  inversely  proportional  to  the  absolute 
temperature,  the  required  prcs-sure  can  then  be  maintain  3d  only  at  a  considerable 
increase  in  peripheral  speed;  which  is  not,  however,  accompanied  by  a  concordant 
increase  in  power  consumption.  Induced  draft  requires  the  handhng  of  a  greater 
weight,  as  well  as  of  a  greater  volume  of  gas,  than  forced  draft;  the  necessary  pres- 
sure is  somewhat  greater,  on  account  of  the  frictional  resistance  of  the  flues  and 
passages;  high  temperatures  lead  to  mechanical  difficulties  with  the  fans.  The 
difficulty  of  regulating  forceJ  draft  has  nevertheless  led  to  a  considerable  applica- 
tion of  the  induced  system. 

578.  Furnaces  for  Soft  Coal;  Stokers.  Mechanical  stokers  are  often  used  when 
soft  coal  is  employed  as  fuel.  Besides  saving  some  labor,  in  large  plants  at  least, 
they  give  more  perfect  combustion  of  hydrocarbons,  with  reduced  smoke  prodUQ- 
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l.ion.  Figure  277  shows,  incidentnUy,  a  modero  form  of  the  old  "  Duloh  oven  " 
principle  for  soft  mml  firing.  The  flames  are  kept  hot,  beenuae  they  do  not  Btrik.- 
the  relatively  cold  boiler  surface  until  contbustioo  is  complete.  Fuel  'w  fed  alter- 
nately to  the  two  sides  of  the  (trate,  ao  that  the  smoking  ?ases  from  one  si'ie  mest 
the  hot  flame  from  the  other  at  the  hot  bafliing  "  wing  walls  "  a,  b.     The  principle 


Fia.  277.    Arts. 
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involved  in  the  attompt  to  abate  smoke  is  that  of  all  mechanical  stokers,  which 
may  be  KTouperf  into  Ihree  general  types.  In  tlie  ukain  gratf,  coal  ta  carried  forward 
ronlinuously  on  a  moving  chain,  the  ashefl  being  dropped  at  the  back  end.  The 
gases  from  the  fresh  fuel  pass  over  the  hotter  coke  fire  on  the  back  portion  of  the 
pvle.  <See  Fig.  278.)  The  second  type  comprises  the  inclined  grate  stokers. 
The  high  conbuation  chamber  above  the  loner  end  of  the  Kratc  is  a  decided  advan- 
tage with  many  types  of  boilers.  The  smoke  is  distilled  off  at  (he  "  coking  plat«." 
The  underfeed  stoker  feeds  the  coal  by  means  of  a  worm  to  the  under  side  of  the  fire, 
and  the  snioke  passes  through  the  incandescent  fuel.  All  stokers  have  the  advantage 
of  making  firing  continuous,  avoiding  the  chilling  effect  of  an  open  fire  door.  Among 
soft  coal  fumaccB  not  sasociated  with  stokers,  one  ot  the  best  known  ia  the  Hawley 
down  draft.  In  this,  there  arc  two  grates,  coal  being  fired  on  the  upper,  through 
which  the  draft  ia  downward.  Partially  consumed  particles  of  coal  (eoke)  fall 
through  the  bam  to  Ihc  lower  gate,  where  they  maintain  a  steady  high  temperature 
Kone  through  which  the  smoking  gases  from  t}ie  upper  grate  must  pass  on  their 
way  to  the  flue. 


579,  Superboatera ;  Types.  Superheating  was  proposid  at  an  early  dat«,  and 
given  a  decided  imjwtiis  by  Ilirn.  After  18T0,  as  higher  steaui  pressures  were 
introduced,  superheating  was  partially  abandoned.     Lately,  it  has  beeu  reinlro- 


Pio.  Sra.    Art.  IfTS. 


-Cole  Siiperliealer 

t  standard  practic 


duced,  and  the  use  of  superheat  ia  now  standard  practice  in  France  and  Ueriiiany, 
while  being  quit*  widely  approved  in  this  country.  Superheaters  may  he  8e]»a- 
rately  fired,  steam  from  a  boiler  being  passed  through  an  entirely  separata  machine, 
or,  u  is  more  common,  steAin  may  be  carried  away  from  the  water  to  some  space 


L 
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provided  (or  it  within  the  boiler  Betting  or  flue,  and  there  heated  by  the  partt»lly 
spent  gHaea.  When  it  ia  merely  desired  to  dry  the  sieam,  the  "  BUperheater  "  nay 
be  located  in  the  flue,  usiiiK  waaie  heat  only.  When  any  conBidcrable  inireiise 
of  temperature  is  desired,  the  superhitater  should  be  planed  in  a  lone  of  the 
furnace  where  the  temperature  is  not  Iras  than  1000°  F.  With  a  difiereaee  in 
mean  temperature  between  gaaea  and  steam  of  100°  I'*.,  from  4  to  5  U.  t.  u.  may  be 
tmnamittod  i)er  degrep  of  mean  Wmitcrniiui-  difference  per  square  tool  of  surface 
per  hour  (4).  AccordingtoBell,  itS  =  amountof  auperheat.  de?.  F.,  r^^lemperatiu* 
of  flue  gaae?  reachinf;  auperheater.  t  = 
pcrature  of  saturated  steam,  x=fiq,  fl.  of 
superheater  surfact  per  boiler  horBepowwj 

IDS 


2(r-o- 


Fio.  280.    Art.  GTO.~Siiperhei 

<P"wef  SpMUlly  Compsnj'.) 


The  location  of  the  Babcock  and  WUcoX 
auperheater  i^  shown  in  Fig.  t!77i  a  similar 
arrangement,  in  which  the  chain  graU 
Blaker  is  incidcntaUy  represented,  ia  shown 
in  Fig.  278.  In  locomotive  service  (in  which 
stiperheat  haa  produced  unexpectedly 
IttTEC  BavinjtB)  Field  tubes  may  be 
ployed,  aa  in  Fig.  279,  the  steam  emergiiig' 
from  the  boiler  at  a,  anil  passing  through 
the  header  b  U)  the  small  tubes  c,  e, 
the  fire  tubes<rf,rf(5). 
A  tyjiical  sniperheater  tube  or  "  element "  is  shown  in  Fig.  28(1.  ThiB  is  loadA 
double,  the  ateam  passing  through  the  annular  space.  Increased  heating  aurfacw 
ia  alTorcleil  by  the  east  iron  rings  a,  a.  In  some  single-tube  elements,  the  heating 
surface  is  augmeiiteii  by  internal  longitudinal  ribs.  The  tubea  should  be  located 
BO  that  the  wettest  sleam  will  meet  the  hottest  gases. 

S80.  Feed-water  Heaters.  In  Fig.  2.S3,  the  condensed  wat«r  Is  returned  diroctty 
from  the  hot  well  24,  by  way  of  the  feed  pump  IV,  U)  the  boiler.  This  water  i» 
eeldom  higher  in  temiierature  than  126°  F.  A  conaidcrable  saving  may  be  olTecteil 
by  using  exliauel  steam  to  fiulher  heat  the  water  before  it  is  delivcrcl  Ui  the  boiler. 
The  device  for  accomplishing  this  is  called  the  feed-water  heater-  With  a  cooden»- 
ing  engine,  as  shown,  the  water  supply  niay  be  drawn  from  the  hot  well  and  Iha 
neceaeary  exhaust  steam  supplied  by  the  auxiliarv  exhuuats  27  and  'tl;  I  lb.  at 
ateam  at  atmospheric  preasiire  should  heat  about  9.7  lb.  of  water  through  IftO*. 
Accurately,  W(xL+h  —  qi)=aiQ—g),  in  which  H' ia  thn  weight  of  Hteam  condensed, 
X  is  its  dryness,  L  its  latent  heat,  h  its  heat  of  liquid,  and  iv  is  the  wt?ight  of  feed 
water,  the  initial  and  final  heat  contents  of  which  are  respectively  3  and  Q.  Tho 
heat  contents  of  the  fteum  after  condensation  are  9t,    Then 


With  n on-con denfling  engines,  the  exhaust  eteam  from  the  engines  themaelves  is 
uwd  to  heat  the  cold  incoming  water. 


FEED  WATER  HEATERS 


58I.  Types.    Feed-waUr  beaters  may  be  either 

"  open,"     the     ste&m      and     water     mixing,     or 

"  closed,"    the    heat    being  trariiunitted   through 

the  surface  of  straight  or  curved  tubes,    through 

which  the  wnter  circulat<>a.     Figure  281  ahows  a 

doeed    heater;    stean)  enters  at  A   and  emcnioti 

at    B,    water  enters   at    C,  passes    through    the 

tubes   and    out   at  D.     Tht?    opeiungs   S,    E    are 

for     drawing    ofF     condenxed    stpam.       An     opeu 

heater     is    shown     in     Fig.   282.     Water  eotera 

through    the  automatically    controlled    valve    a, 

steam  enters  at  6.      The    water  drips  over    the 

trays,    becoming    finely   divided    and    effectively 

heated  by    the    steam.      At  c  there  is  provided 

storage  space  for  the  mixtive,  and  at  if  is  a  bed 

of    coke    or  other   absorbent    material,    through 

which   the   water   filters  upward,  passing  out  at  e. 

The  open  heater  usually  makes  the  water  rather 

hotter,  and  lenda    itself    more    readily  to   the  re- 
claiming  of    hot    drips     from     the    steam    pipes, 

returns  from   heating  systems,  etc..  than  a  heater 

of    the    closed     type.     Live    steam    ia  sometimes 

tiBed  tor  feed-water  heating;    the  greater  effective- 
ness of  the  boiler-heating  surface   claimed  to  arise 

from  introducing  the   water  at  high  temperature 

has  been  disputed  (6);  but  the  high  temperatures 

possible  with  Lve  steam  are  of  decided  value  in 

removing  dissolved  soUda,  and  the  waste  of  steam 

may  be  only  slight.     Closed  heaters  are,  of  course, 

used  for  this  service,  as  also  with  the  isodiabatic 

multi[de   expansioa   cycle    described  in  Art.  550. 

Removal  of  some  of  the  suspended  and  dissolved 

Bolida  is  also  possible  in  ordinary  open-exhaust  steam 
heaters.  Various  forms  of  feed- wat«r  fil (era  areu.<ied, 
with  or  without  heater?. 

582.  lite    Economizer.      This   is  a  feed-water 
heater  in  which  the  heating  medium  is  the  waste  gas 
discharged  from  the  boiler  furnace.    It  may  iocrease 
the  feed  temperature  to  300°  F.  or  more,  whereaa  no 
ordinary  exhaust  steam  heater  can  produce  a  tem- 
perature higher  than  212°  F.     The  gain  by  heating 
feed  water  is  about  1  B.  t.  u.  per  prund  of  water  for 
each  degree  heated;  or  since  average  steam  contains 
1000  B.  t.  u.  net,  it  is  about  1  per  rent  for  each  10° 
that  the  temperature  is  raised;  precisely,  the  gain  is 
.    ^//-A)-^0,  in  which  0  is  the  totalheatof  thcfileam 
FlB.28a.  Att.08I.— Open  Feed    gained  from  the  temperature  ot  feed  to  the  stale  at 
Beater.  evaporation  and  h  and  H  the  total  heats  in  the  water 

(B«n*w  MMt  BpQtr  Wvrtf.)     before  and  after  beating.   If  T,  t  be  the  teroperatura 
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or  th? 


M  and  steam,  respectively,  W  the  weight,  and  K  the  mean  specific  bf«t 
n  (say  about  0.24),  then  Ihe  maxiinum  saving  that  ran  be  effectetl  by  s 
pcifect  eponomizer  13  WKiT  —  O. 
Good  operatioD  decreaaes  W  and  T 
and  thus  mokes  Che  poasible  s 
ing  amotl.  A  t}'7)ica]  econoniiier 
instftllatioji  is  shown  in  Fig.  283; 
arrangement  ia  alwaj^  made  fnr 
by-piusing  the  gases,  as  shown,  to 
pcnnit  of  inspeeting  and  clenning. 
The  device  rondsts  of  vertital  ci 
iron  tubes  with  connecting  headers 
at  the  ende,  the  tubes  bcingsonie- 
times  staggered  so  that  the  gaaesr 
nill  impinge  against  them.  Tha 
external  surTare  of  the  tubes  i 
kept  clean  by  acrapers,  operated 
from  a  small  stoani  engine.  The 
tubes  obstruct  the  draft,  and  eon:e 
form  of  mechanical  draft  is  1 
ployed  in  conjunction  with  econo- 
mi;scrs.  From  3)  to  5  sq.  ft.  of 
eponomiier  surface  are  ordinarily 
used  per  boiler  horse  power.  The 
rate  of  heat  iransniimion  (B.  t.  u, 
per  square  foot  per  defiree  ofineiui 
temperatiire  difference  per  hour)  is 
usually  around  2.0. 


683.  Miscellaneoua  Devices. 
A  steam  separator  is  usually  placed 
on  the  eleam  pipe  near  the  engine. 
lliis  catches  and  more  or  le«s 
thoroughly  removes  any  cundenard 
steam,  which  might  otherwise  cauhc 
damage  to  the  cylinder.  Steam 
meters  are  being  intrwluced  for 
aji  proximately  indicating  the 
amount  of  ^(eam  flowing  through 
a  pipe.  Some  of  them  record  their 
indicnriond  011  a  chart.  Feed-water 
measuring  tanks  are  sometimes  in- 
still led,  where  jieriodjcal  boila- 
triab  are  a  part  of  the  retnilar 
routine.  The  steam  loop  is  a  de- 
vice for  returning  eondeDsed  steam 
direct  to  the  boiler.  Thedrifw  an? 
pijied  up  to  a  convenient  hei^t, 
in  which  a  considerable  amount  of 
in  of  water  in  the  down  pipe  offwls 


ledown  pi[ie  then  forms  n  r.idiating  coil, 
rs.     The  wci^t  of  (his  colun 
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a  ooirespoDding  difference  in  pressure,  and  permits  the  return  of  drips  to  the 
boiler  even  when  their  pressure  is  less  than  the  boiler  pressure.  The  ordinary 
steam  trap  merely  rrmoves  condensed  water  without  permitting  the  discharge  of 
uncondensed  steam.  Oil  separators  are  sometimes  used  on  exhaust  pipes  to  keep 
back  any  traces  of  cylinder  oil. 

584.  Condensers.  The  theoretical  gain  by  nmning  condensing  is  shown  by 
the  Carnot  formula  {T—t)-rT.  The  gain  in  practice  may  be  indicated  on  the 
PV  diagram,  as  m  Fig.  284.  The  shaded  area  represents 
work  gained  due  to  condensation;  it  may  amount  to  10 
or  12  lb.  of  mean  efiFective  pressure,  which  means  about 
a  25  per  cent  gain,  in  the  case  of  an  ordinary  simple 
engine.*  This  gain  is  principally  the  result  of  the  intro- 
duction of  cooling  water,  which  usually  costs  merely  the 
power  to  pimnp  it;  in  most  cases,  some  additional  power 
is  needed  to  drive  an  air  pimip  as  well. 

In  the  surface  condenser  the  steam  and  the  water  do 

net  come  into  contact,  so  that  impure  water  may  be  used,  yiq.  284.    Art.  584. Sav- 

as  at  sea,  even  when  the  condensed  steam  is  returned  to  ing  Due  to  Condensation, 
the  boilers,  t    Such   a  condenser  needs  both   air  and 

circulating  pumps.  The  former  ordinarily  carries  away  air,  vapor  and  condensed 
steam.  In  some  cases,  the  discharge  of  condensed  steam  is  separately  cared  for 
and  the  dry  vacuum  pump  (which  should  always  be  piped  to  the  condenser  at  a  point 
us  far  as  possible  from  the  steam  inlet  thereto)  handles  only  air  and  vapor. 

The  amount  of  condensing  surface  should  be  computed  from  Orrok's  formula 
(Jour,  A.  S.  M,  E.,  XXXII,  11): 

Crhny^ 


C/=630 


Tj 


where  £/  =  B.  t.  u.  transmitted  per  sq.  ft.  of  surface  per  hour  per  degree  of  mean 
temperature  difference  between  steam  and  water; 
C  =  a  cleanliness  coefficient  (tubes),  between  1.0  and  0.5; 
r= ratio  of  partial  pressure  of  steam  to  the  total  absolute  pressure  in  the 
condenser,  depending   on  the  amount  of  air  present,  and  varying 
from  1.0  to  0; 
m=a  coefficient  depending  upon  the  material  of  thetuljea;   1.0  for  copper, 
0.63  for  Shelby  steel,  0.98  for  admiralty,  etc.,  ranging  down  to  0.17  for 
a  tube  vulcanized  on  both  sides,    all  of  these  figures  being  for  new 
metal.    Corrosion  or  pitting  may  reduce  the  value  of  m  50  per  cent; 
F= velocity  of  water  in  tubes,  ft.  per  sec.,  usually  between  3  and  12; 
Tfli^^mean  temperature  diflFerence  between  steam  and  water,  deg.  F.     For 
Tm»18.3  (corresponding  with  28"  vacuum,  70"  temperature  of  inlet 

water,  90° temperature  of  outlet  water),  this  becomes  435Cr*mVv. 
The  former  apf.roximate  expression  of  Whitham  (7)  was 

5  =  irL -7-180(7-0, 

*  In  the  case  of  the  turbine,  good  vacuum  is  so  important  a  matter  that  extreme 
refinement  of  condenser  design  has  now  become  essential. 

f  There  is  always  an  element  of  danger  involved  in  returning  condensed  steam 
from  reciprocating  engines  to  the  boilers,  on  account  of  the  cylinder  oil  which  it 
contuna. 
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where  S  waa  the  condenser  surfuce  in  sq.  ft.,  W  the  weight  of  steam  oondensed, 
lb,  per  hour,  L  the  latent  heat  aL  the  tempenitiire  T  of  the  stiuun,  iind  I  the  mean 
temperature  of  drruhiting  water  between  inlet  and  outlet.  With  the  same  notn- 
tion,  Orrok'a  formula  gives 


WL 


WL 


VTm     U{T-ty 


nearly. 


the  water,  if 


L 


With  C-0.9,  r=0.3,  m=O.SO,  r„  =  18.2,  7  =  16,  U  bn^omea  appro.-dmately  180, 
BS  in  the  ftliitham  formula. 

IjCt  »,  U  }>e  the  initial  and  final  tempcr.'itures  of  the  wat«r;  then  the  weight  u'  of 
water  required  per  hour  is  WL-i-lU  —  u).  The  weight  iif  watur  ia  often  permitted 
to  be  about  40  times  the  weight  of  steam,  a  congideriJjIe  excoHS  being  desir&blc. 
The  outlet  teniporaturc  of  the  water  in  ordinary  surface  eondensera  will  be  from 
5"  lu  15°  below  that  of  the  steajii.  The  direction  of  flow  of  the  water  should 
be  opposite  to  that  of  the  Bteam. 

The  JKl  candcnai^  'm  ehown  in  I'ig.  285.  The  steam  and  water  mix 
above  the  air  pump  cylinde:,  and  this  eylinder  is  utiliKod  t«  draw  in 
the  lift  is  not  exeeasive.  Here  t/  =  T;  the  aupply  of  water  necesBnry 
is  lexs  than  in  surface  rondensere.  With  ample  water  supply,  the 
surface  condenser  gives  the  better  vacuum.  The  boilers  may  !>" 
fed  from  the  hot  well,  ns  in  I'ig.  233  (which  shows  a  jt>t  condenscf 
installation),  only  when  the  condensing  water  ia  pure. 

The  siphon  anideiiner  is  shown  in  Fig.  28C,     Condensation 
in  the  noisjile,  a,   and   the  fall  of  water  through   6  produce 
vacuum.    To  preserie  this,  (he  lower  end  of  the  discharge  pipe 
be  sealed  as  shown.     The  vacuum  would  draw  water  up  the  pipe  b 
and  permit  it  to  flow  over  into  the  engine,  if  it  were  not  that  the 
length  fd   is   made   34   ft.  or   more,  thus   giving  a  heinht  to  which 
the  atmospheric  preanure  cnnnut  force  the  water.     Excellent 
have  been  obtained  with  these  con- 
deuaera    witliout    vacuum   purapa. 
In  some  cases,  however, 
vacuum   pump  is  used 
air  and    vapor    from    above    the 
nuEzlc.     The  device  ja  then  called 
a  barometric  coiuifiiser.  The  ■ 
will  lift  the  iniet  water  about  20 
ft,,  BO  that,  unlesa  the  suction  head 
is  greater  than  thiR,  no  water  sup- 
ply  pump   Ls    required   after   the 
condenser  ia  etarteil. 

Either  the  jet  or  the  siphon  (or  barometric)  condenser  requires  a  larger  air  pump 
than  a  surface  condenser.  Experience  has  slwwn  that  there  will  be  present  1  cil, 
ft.  of  free  air  (Art.  187)  per  10  to  50  eu,  ft,  of  water  entering  the  air  pump  of  asmfaM 
condenser  or  jicr  30  to  150  cu.  ft.  of  water  entering  a  jet  or  baromeijic  condensttr. 
The  surface  condenser  air  pump  handles  the  condensed  steam  only;  Ihc  other 
condenaera  add  the  circulating  water  (which  may  he  20  to  40  times  this)  to  the  st«&iu. 
The  voltm~.e  of  air  at  the  low  absolute  pressure  prevailing  in  the  condenser  ia  Inrge, 
and  the  necessity  for  reducing  the  partial  pressure  due  to  air  haa  led  to  the  cinplov' 
ment  of  pumps  stiU  larger  than  the  influence  of  air  volume  alone  would 


Guadenaer. 


liidepi'Qtlent  Jet 
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(For  a  discusBion  of  a 
with  liigh  vacuums,  sc 


pump  ileaign  and  the  importance  of  clearaDra 
CaniuUo,  Fracikal  Thermodynamic!,,  1911.  p.  210.) 


585.  Evaporative  Condensers;  Cooling  Towers.    Steam  has  ocmsionally  been 
condensed  by  allowing  it  to  pass  through  coils  over  which  fine  streams,  of  v.ater  . 


trickled.  The  evaporation  of  the 
water  (which  may  be  hastened  by  a 
fan)  cools  the  coils  and  condenses  the 
steam,  which  is  drawn  ofT  by 
pump.  With  ordinary 
and  a  hmit«d  water  supply  cooling 
towers  are  Bometimee  used.  These 
may  be  identical  in  construetiou 
with  the  evaporative  condensers, 
excepting  that  warm  water  enters 
the  coils  instead  of  steam,  to  be 
cooled  and  used  over  again;  or 
they  may  consist  of  open  wood 
mats  over  which  the  water  falls 
as  in  the  ojien  type  of  feed-water 
heater.  Evaporation  of  a  portion 
of  the  water  in  question  (which 
need  not  be  a  large  proportion  of 
the  whole)  and  warming  of  the 
air  then  cools  the  remainder  of 
the  water,  the  cooling  being  facili- 
tated by  placing  the  mala  in  a 
cylindrical  tower  through  which  p,^  ^uti 
there  ia  a  rapid  upward  current  of 


&/iefVa/^e 


air,  naturally  or  artificially  produced  (8). 


—  Bulkier  luiector  Coudeuser. 
The  cooling  pond  (8a)  is  equivalent  to  a 


tower. 


586.  Boiler  Feed  Pump.  This  may  be  either  steam-driven  or  power-driven 
(as  may  also  be  the  condenser  pump.s).  Steam-driveii  pumps  should  be  of  the 
duplex  type,  with  plungers  packed  from  the  outside,  and  with  indiviiiiially  acces- 
sible valves.  If  they  are  to  punip  hot  water,  special  materials  must  l>e  uswd  for 
exposed  parte.  The  power  pump  has  usually  tlirce  slngle-actin},'  waler  cylinders. 
There  is  much  discussion  at  the  present  time  as  to  the  comparative  economy  of 
steam- and  power-driven  auxiliaries.  The  steam  engine  portion  of  an  ordinary 
small  pump  is  extremely  inefficient,  while  power-driven  pumps  can  lie  oi>erat<Hl,  at 
little  loss,  from  the  main  engines.  The  genenit  use  of  exhaust  st^inm  from  aux- 
iliaries for  feed-water  heating  ceases  to  be  an  argument  iu  tlieir  favor  when  econo- 
mizers are  used ;  and  in  large  plants  the  diffeiviice  in  cost  of  attendance  in  favor 
of  mot«r-driveu  auxiliaries  is  a  serious  item. 

587.  The  Injector.  The  pump  is  the  standard  device  for  feeding  stationary 
boilers ;  the  inject<)r,  invented  by  Uiffard  about  18-"i8,  is  used  chiefly  as  ait  auxil- 
iary, altboufch  still  in  general  application  as  the  prime  feeder  on  locomotives.     It 
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contiiste  essentially  of  a  Bteam  noizle,  a  combining  chamber,  and  a  delivery  tube. 
In  Fig.  2S7,  ^tenm  enlera  at   A  and  expands  lhroU(?h  B,  the  amount  ot  expansion 
being    repilated    by    the    vnlve   C.     The    water  enter?   at  D,  and   condenses  tha   ■ 
Btenm  in  E.     We  have  here  a  rapid  adiabntic  expansion,   as  In  the  turhine;   tbrj 
ve  ocity  of  the  water  is  nugmeiited  by  the  impact  of  the  Gt^ain,  mid  U  in  ti 
VBiled  into  iiresMiire  ^t  /■■.     In  starting  the  injector,  the  water  is  allowed  lo  Bon 
away  through  G;  aa  huoii  as  the  velocity  i^  sufficient,  thin  overdow  cl'>se&     Au  ifl^ 
jectur  of  this  form  will  lift  the  wat«r  from  a  reasonably  low  ■uc:tiou  level ; 
the  water  flows  to  the  device  by  gravity,  the  valve  C  may  be  omitted. 


lujecuir. 


le  in  which  the  ailjuatnient  of  the  overflow  at  Olt 
inilar  device  b^  which  the  lifting  of  water  frol^ 
ta  delivery  head  (or  none)  is  occoniiilished. 
alvea  at)  application  of  the  injector  principle.  Tfat 
ijeetors,  one  diwhurgiiig  into  another. 


A  Belf-stArttDg  injector  is  o 
aiitoniatk.  The  ejector  ix  a  k 
a  well  or  pit  against  a  moder; 
siphon  condenser  (Art.  58i)  in' 
double  injector  is  a  seri 

5B8.   Theory.     Tet  x,  L,  h  be  the  state  of  the  steam,  H  the  heat  in  ti 
water,  und  v  its  velocity;   Q  the  heat  in  the  discharged  water  at  its  velo( 
ity  V.    The  heat  in  one  jtound  of  ateani  '\sxL  +  h;  the  beat  in  one  pound] 
of  water  supplied  is  ^,  and  its  kinetic  energy  r'  +  2y;  the  heat  in  outj 
pound  of  discharge  is  Q, and  its  kinetic  energy  V*-i-2g.    Let  each  pout 
of  steara  draw  in  i/  pounds  of  water ;  then 
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The  values  of  —  and  —  may  ordinarily  be  neglected,  and 

if  if 

In  another  form,  y(Q—  H)  =  xL-\-h  —  Q,  or  the  heat  gained  by  the  water 
equals  that  lost  by  the  steam.  This,  while  not  rigidly  correct,  on  account 
of  the  changes  in  kinetic  energy,  is  still  so  nearly  true  that  the  thermal 
eflBciency  of  the  injector  may  be  regarded  as  100  per  cent ;  from  this  stand- 
point, it  is  merely  a  live-steam  feed-water  heater. 

589.  Application.  The  formula  given  shows  at  once  the  relation  between 
steam  state,  water  temperature,  and  quantity  of  water  per  pound  of  steam.  As 
the  water  becomes  initially  hotter,  less  steam  is  required;  but  injectors  do  not 
handle  hot  water  well.  Exhaust  steam  may  be  used  in  an  injector:  the  pressure 
of  discharge  is  determined  by  the  velocity  induced,  and  not  at  all  by  the  initial 
pressure  of  the  steam ;  a  large  steam  nozzle  is  required,  and  the  exhaust  injector 
will  not  ordinarily  lift  its  own  water  supply. 

590.  Efficiency.  Let  S  be  the  head  against  which  discharge  is  made ; 
then  the  work  done  per  pound  of  steam  is  (l-\-y)S  foot-pounds ;  the 
efficiency  is  S(l  '\-y)-^(xL  +  A—  Q),  ordinarily  less  than  one  per  cent 

This  is  of  small  consequence,  as  practically  all  of  the  heat  not  changed  to 
work  is  returned  to  the  boiler.  Let  W  be  the  velocity  of  the  steam  issuing  from 
the  nozzle ;  then,  since  the  momentum  of  a  system  of  elastic  bodies  remains  con- 
stant during  impact,  W  -{•  yo  :={!  ■\-  y)V.  The  value  of  W  may  be  expressed  in 
terms  of  the  heat  quantities  by  combining  this  equation  with  that  in  Art.  588.  The 
other  velocities  are  so  related  to  each  other  as  to  give  orifices  of  reasonable  size. 
The  practical  proportioning  of  injectors  has  been  treated  by  Rneass  (9). 

(1)  Finlay,  Proc.  A.  I.  E.  E.,  1007.  (2)  Trans.  A,  S,  M.  E.,  XXI,  34.  (3)  Ran- 
kine,  The  Steam  Engine,  1897,  289.  (4)  Longridge,  Proc.  Inst.  M.  E.,  1896,  176. 
(5)  Trans.  A.  S.  M.  E.,  XXVIII,  10,  1606.  (6)  Bilbrough,  Power,  May  12,  1908, 
p.  729.  (7)  Trans.  A.  S.  M.  E.,  IX,  431.  (8)  Bibbins,  Trans.  A.  S.  M.  E.,  XXXI, 
11;  Spangler,  Applied  Thermodynamics ^  1910,  p.  152.  (Sa)  CarduUo,  Practiced 
Thennodynamics,  1911,  p.  264.#  (9)  Practice  and  Theory  of  the  Injector. 

SYNOPSIS  OF   CILVPTER  XVI 

Hard  coal  requires  high  draft ;  soft  coal,  a  high  rate  of  air  supply. 

In  spite  of  its  higher  cost,  commercial  factors  sometimes  make  soft  coal  the  cheaper 

fuel. 
Heating  values:  fuel  oil,  18,000;  wood,  6500-^500;  coals,  8800-15,000;  B.  t.u.  per 

lb.    Method  of  computing  heat  value. 
The  prop(yrtUm  of  carbon  dioxide  in  the  flue  gases  reaches  a  maximum  when  the  air 

supply  is  just  right ;  this  is  also  the  condition  of  maximum  temperature  and 

theoretical  efficiency. 


436  APPLIED  THERMODYNAMICS 

Advance  in  steam  power  economy  is  a,  matter  of  regulation  of  aii  supply  ;  economy 

may  I>e  indicated  by  automiitic  records  of  carbon  dioxide. 
Types  of  boiler :  water-tube,  liorizoutal  tubular,  locomotive,  marine ;  coDdJtionH  of 
efflciency. 

a  the  circulation  of  the  gases  and  water. 

tier  per  hour  from  atid  at  212°  F.,    approiimalely  33,000 


Attention  should  be  eiveu 
A  boil-r  A;..=34J  lb.  of  w 

B.  t.  u.  per  hour. 
Limit  of  efficiency  =  t.~^ 


Boiler  eSlciency 

Furnace  efBciency 

CKimnry  draft  =  S  |  1  -  ^  f  ^"^^l  1  ^  13  i 


_  heat  in  saaeH 
heat  In  fucil 


tl.Oi  ;  never  reatlied  in  practice. 
;  osually  0.40  to  0.00  ;  may  be  O.S; 
IleatlDg  Burface  efficiency  =  -- 


Fan  draft:  v~VTgh,p  = 


2tf 


?(?'+.'l-^e.o3./p. 

=  ??^' ;  slow  speeds  advaptageoua. 


In  indiictd  draft,  the  fan  Is  between  the  furnace  and  the  chimney;  in /oreed  draft.  It 

dellverB  air  to  the  aah  pit. 
Mechanical  stokers  (inclined  grate,  chain  grate,  underfeed),  used  with  soft  coal,  aim 

to  give  space  for  the  bydrocarbonaceous  flame  without  permitting  it  to  impinge  on 

cold  Burfacea. 
Superheatem  may  he  located  in  the  flue,  or,  if  much  superheating  is  required,  may  bs 

separately  lired.     About  5  B.  t.  u.  may  be  the  transmission  rate. 
Ffed-ion(iT  fteolers  may  be  open  or  cJoMd:  w  =  ''{■'^  ~  1") ;  for  open  beateiB,  4,  =  Q. 

The   economizer  uses   Uie   waste  heat  of  the   flue  gases :   saving  per  pound  of  tad 

=  WK^T—t).    From  3i  to  5  sq.  ft.  of  surface  per  boiler  Up. 
Condensers     may    be    sutface,     jet,     evaporative,    or   siphon  j    tox  iri.+  (F  — u); 

3^WL-i-U(T-ty,   F-63o'^'"yY^. 


n  condenser  may  operate  with- 


Tbe  use  of  sfeaTn-tlrioen  auxiliaries  affords  exhaust  steam  for  feed-water  heating. 
The     i-nfector    converts   heat    energy    into    velocity ;    y  =     j"   .,■  ■ ;    efficiency 

PROBLEMS 

1.  One  pound  of  pure  carbon  is  humod  in  10  lb.  of  air.     Assuming  reactions  ; 
be  perfect,  find  the  peroenttige  composition  of  tlie  flue  gases  and  tiie  rise 
ture,  the  specific  lieats  being.  CO,,  0.316 ;  N,  0.245 ;  0,  0.217. 

2.  A  boiler  evaporates  3000  lb.  of  water  per  hour  from  a  feB<1-wati 
of  200°  F.  to  dry  steam  at  160  lb.  pressure.     What  is  its  horse  power? 

3.  In  Froblem  I,  what  proportion  of  the  whole  heat  in  the  fuel  is  carried  away 


ir  t«mperauira 
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in  the  flue  gases,  if  their  temperature  is  600®  F.,  aafiuming  the  specific  heats  of  the 
gases  to  be  constant  ?    The  initial  temperature  of  the  fuel  and  air  supplied  is  0°  F. 

4.  The  boiler  in  Problem  2  bums  350  lb.  of  coal  (14,000  B.  t.u.  per  pound)  per 
hour.     What  is  its  efficiency  ? 

5.  In  Problem  1,  -if  the  gas  temperature  is  600**  F.,  the  air  temperature  60'  F., 
compare  the  densities  of  the  gases  and  the  external  air.  What  must  be  the  height  of 
a  chimney  to  produce,  under  these  conditions,  a  draft  of  1  in.  of  water  ?  Find  the 
diameter  of  the  (round)  chimney  to  bum  6000  lb.  of  coal  per  hour.  (Assume  a  76 
lb.  air  supply  in  finding  the  diameter.) 

6.  Two  fans  are  offered  for  providing  draft  in  a  power  plant,  16,000  cu.  ft.  of 
air  being  required  at  1 J  oz.  pressure  "per  minute.  The  first  fan  has  a  wheel  30  in.  in 
diameter,  exerts  1  oz.  pressure  at  740  r.  p.  m.,  delivers  405  cu.  ft.  per  minute,  and 
consumes  0.16  hp.,  both  per  inch  of  wheel  width  and  at  the  given  speed.  The  second 
fan  has  a  54-inch  wheel,  runs  at  410  r.  p.  m.  when  exerting  1  oz.  pressure,  and 
delivers  726  cu.  ft.  per  minute  with  0.29  hp.,  both  per  inch  of  wheel  width  and  at  the 
given  speed.  Compare  the  widths,  speeds,  peripheral  speeds,  and  power  consump- 
tions of  the  two  fans  under  the  required  conditions. 

7.  Dry  steam  at  350**  F.  is  superheated  to  450''  F.  at  135  lb.  pressure.  The  flue 
gases  cool  from  900**  F.  to  700**  F.  Find  the  amount  of  superheating  surface  to  pro- 
vide for  3000  lb.  of  steam  per  hour,  and  the  weight  of  gas  passing  the  superheater. 
If  180  lb.  of  coal  are  burned  per  hour,  what  is  the  air  supply  per  pound  of  coal  ? 

8.  Water  is  to  be  raised  from  60**  F.  to  200**  F.  in  a  feed-water  heater,  the  weight 
of  water  being  10,000  lb.  per  hour.  Heat  is  supplied  by  steam  at  atmospheric  pres- 
sure, 0.95  dry.  Find  the  weight  of  steam  condensed  (a)  in  an  open  heater,  (6)  in  a 
closed  heater.    Find  the  surface  necessary  in  the  latter  (Art.  584). 

9.  In  Problem  3,  what  would  be  the  percentage  of  saving  due  to  an  economizer 
which  reduced  the  gas  temperature  to  400**  F.  ? 

10.  An  engine  discharges  10,000  lb.  per  hour  of  steam  at  2  lb.  absolute  pressure, 
0.95  dry.  Water  is  available  at  60**  F.  Find  the  amount  of  water  supplied  for  a  jet 
condenser.  Find  the  amount  of  surface,  and  the  water  supply,  for  a  surface  con- 
denser in  which  the  outlet  temperature  of  the  water  is  85**  F.  If  the  surface  con- 
denser is  operated  with  a  cooling  tower,  what  weight  of  water  will  theoretically  be 
evaporated  in  the  tower,  assuming  the  entire  cooling  to  be  due  to  such  evaporation. 
(N.  B.    A  large  part  of  the  cooling  is  in  practice  effected  by  the  air.) 

11.  Find  the  dimensions  of  the  cylinders  of  a  triplex  single-acting  feed  pump  to 
deliver  100,000  lb.  of  water  per  hour  at  60**  F.  at  a  piston  speed  of  100  ft.  per  minute 
and  30  r.  p.  m. 

12.  Dry  steam  at  100  lb.  pressure  supplies  an  injector  which  receives  3000  lb.  of 
water  per  hour,  the  inlet  temperature  of  the  water  being  60**  F.  Find  the  weight  of 
steam  used,  if  the  discharge  temperature  is  165**  F. 

13.  In  Problem  12,  the  boiler  pressure  is  100  lb.  What  is  the  efficiency  of  the 
injector,  considered  as  a  pump  ? 

14.  In  Problem  12,  the  velocity  of  the  entering  water  is  12  ft.  -per  second,  that  of 
the  discharge  is  114  ft.  per  second.  Find  the  velocity  of  the  steam  leaving  the 
discharge  nozzle. 

15.  What  is  the  relation  of  altitude  to  -chimney  draft  ?    (See  Problem  12,  Chapter 

xnL) 
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16.  Circulating  water  pumped  from  a  surface  condenser  to  a  cooling  tower  loses 
4}  per  cent  of  its  weight  by  evaporation  and  is  cooled  to  88*^  F.  If  the  loss  is  made 
up  by  city  water  at  55®,  fed  continuously,  what  is  the  temperature  of  the  water 
entering  the  condenser  ? 

17.  Steam  at  100  lb.  absolute  pressure  and  500°  F.  is  used  in  an  open  feed-water 
heater  to  warm  water  from  60°  to  210°.  How  much  water  will  be  heated  by  1  lb. 
of  steam  ? 

18.  Steam  at  150  lb.  absolute  pressure,  2  per  cent  wet,  passes  through  a  super- 
heater which  raises  its  temperature  to  500°  F.  How  much  heat  was  added  to  each 
lb.  of  steam  ? 

19.  20,000  lb.  of  steam  at  150  lb.  absolute  pressure,  2  per  cent  wet,  are  super- 
heated 200°  in  a  separately-fired  superheater  of  0.70  efficiency.  What  weight  of  coal, 
containing  14,000  B.  t.  u.  per  lb.,  will  be  required  ? 


CHAPTER   XVII 

DISTILLATION  — FUSION— LIQUEFACTION  OF  GASES 


Vacuum  Distillation 


WATER  OUTLET' 

Fio.  288.     Art.  591.  —Still. 


591.  The  StilL  Figure  288  represents  an  ordinary  still,  as  used  for 
purifying  liquids  or  for  the  recovery  of  solids  in  solution  by  concentration. 
Externally  applied  heat  evaporates  the  liquid  in  A,  which  is  condensed  at 

H  B.     All   of    the    heat  ab- 

Ml 

t  sorbed  in  A  is  given  up  at 

B  to  the  cooling  water; 
the  only  wastes,  in  theory, 
arise  from  radiation.  Con- 
ceive the  valve  c  to  be 
closed,  and  the  space  from 
the  liquid  level  d  to  this 
valve  to  be  filled  with  satu- 
rated vapor,  no  air  being 
present  in  any  part  of  the 
apparatus.  Then  when  the 
value  c  is  opened,  a  vacuum  will  gradually  be  formed  throughout  the 
system,  and  eva|)oration  will  proceed  at  lower  and  lower  temperatures. 

Since  the  total  heat  of  saturated  vapor  decreases  with  decrease  of 
pressure,  evaporation  will  thus  be  facilitated.  In  practice,  however,  the 
apparatus  cannot  be  kept  free  from,  air ;  and,  notwithstanding  the  opera- 
tion of  the  condenser,  the  vacuum  would  soon  be  lost,  the  pressure  increas- 
ing above  that  of  the  atmosphere.  This  condition  is  avoided  by  the  use 
of  a  vacuum  pump,  which  may  be  applied  at  e,  removing  air  only;  or,  in 
usual  practice,  at/,  removing  the  condensed  liquid  as  well.  Evaporation 
now  proceeds  continuously  at  low  pressure  and  temperature.  The  possi- 
bility of  utilizing  low-temperature  heat  now  leads  to  marked  economy. 

Solutions  are  usually  assumed  to  contain  about  5  per  cent  of  their  volume  of 
free  air.  The  condonseri  if  of  the  jet  type,  should  be  designed  to  handle  about  150 
times  the  water  volume  of  actual  air;  if  of  the  surface  type  (which  must  be  used 
when  the  distiUed  product  is  to  be  recovered),  about  100  times  the  water  volume. 

592.  Applicatioii.  Vacuum  distillation  is  employed  on  an  important  scale  in 
sugar  refineries,  soda  process  paper-pulp  mills,  elue  work.<«,  glucose  factories,  for 
the  preparation  of  pure  water,  and  in  the  manufacture  of  gelatine,  malt  extract, 
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wood  extracts,  caustic  snda,  alum,  tAiinin,  garbage  pmlnct^,  glycerine,  sngar  of 
milk,  pepHin,  and  licoriue.  In  most  cases,  Die  multiple-effect  apparatus  ia  employed 
(Art.  594). 

593.  Newtaall  Eraporator.  This  is  ahown  in  Fig.  289.  Steam  is  used 
to  supply  heat;  it  enters  at  A,  and  passes  through  the  chambers  A\  A\ 
to  the  tubes  B,  B.  After  passing  through  the  tubes,  it  uullects  in  the 
chambers  C*  C",  from  which  it  is  drawii  off  by  the  trap  D.  Tlie  liquid 
to  be  distilled  surrounds  the  tulws.  The  vapor  forms  in  E,  passes  arouud 
the  bafBe  plate  F  and  out  at  O.  The  concentrated  liijuid  is  drawn  off  from 
the  bottom  of  the  machine. 


594.    Hultiple-effect  Evaporation.     Conceive  a  second  apparatus 
to  be  set  abanywide  tliiit  just  desovibed ;   but  instead  of  supplying 


Triple  Effect  ETaporWor. 


steam  at  A,  let  the  vapor  emerging  from  (?  oE  the  first  stage  be 
piped  to  .A  in  the  Becond,and  let  the  liquid  drawn  off  from  the  bot- 
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torn  of  the  first  be  led  into  the  secoud ;  then  further  evaporation  may 
proceed  without  the  expenditure  of  itdiUliounI  heat,  the  liquid  being 
partially  evaporated  and  the  vapor  partially  condensed  by  the  inter- 
change of  heat  in  the  second  stage,  the  j-regmre  in  the  shell  (outtidt 
the  tubes)  being  less  than  that  in  the  first  stage.  The  construction  will 
be  more  clearly  understood  by  referencH  to  Fig.  290  (la). 

595.    Yaryan  Apparatus.     Here  the  heat  is  applied  outside  the  tubes, 

the  liquid  to  be  distilled  being  inside.  The  liquid  is  forced  by  a  piiinp 
through  a  small  orifice 
at  the  end  of  the  tithe, 
breaking  into  a  fine 
spray  during  its  pas- 
sage. The  fine  sub- 
division and  rapid 
movement  of  the 
liquid  facilitate 
the  ti-ansfer  of  heat. 
The  baffle  plates  E, 
E,  Fig.  291,  serve  to 
separate  the  1  iquid  and 
its  vapor,  the  former 
setthng  in  the  chamber  b,  the  latter  passing  out  at  c.  Figure  290  shows  a 
"triple-effect"  or  three-stage  evajwi-ator ;  steam  (preferably  exhaust 
steam)  enters  the  shell  of  the  first  stage.  The  liquor  to  bo  evaporated 
enters  the  tubes  of  this  stage,  becomes  partly  vaporized,  and  the  separated 
vapor  and  liquid  pass  off  as  just  described.  From  the  outlet  c,  Fig.  291, 
the  vapors  pass  tlirougli  an  ordinary  separator,  which  removes  any  ad- 
ditional entrained  liquid,  discharging  it  back  to  b,  and  then  proceed  tO 
the  shell  of  the  second  stage.  Meanwhile  thtf  liquid  from  the  chamber  b 
of  the  first  stage  has  been  pumped,  through  a  hydi-ostatic  tulie  which 
permits  of  a  difference  in  pressure  in  two  successive  sets  of  tubes,  into  tJio 
tubee  of  the  second  stage.  As  many  as  six  successive  stages  may  be 
used;*  the  vapors  from  the  last  being  drawn  off  by  a  condeneor  and 
vacuum  pump.  The  liquid  from  the  chamber  b  of  the  last  stage  is  at 
maximum  density. 

696.  Condition  of  Operation.     The  vapor  condensed  in  the  various 

shells  ia  ordinarily  water,  which  in  concentrating  operations  may  be 

•  The  number  of  effects  iliat  can  be  used  is  limited  by  the  difference  in  tempei»- 
tore  of  steam  supplied  and  final  condensate  discharged. 


Fio.  391.    Art.  OSfi.  — YBTjBDEv&porator. 
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drawn  off  and  wasted,  or,  if  the  temperature  is  sufficiently  high, 
employed  in  the  power  plant.  The  condenser  is  in  communication 
with  the  last  tubes,  and,  through  them,  with  all  of  the  shells  and  tubes 
excepting  the  first  shell;  but  between  the  various  stages  we  have  the 
heads  of  liquid  in  the  chambers  6,  which  permit  of  carrying  different 
pressures  in  the  different  stages.  A  gradually  decreasing  pressure 
and  temperature  are  employed,  from  first  to  last  stage;  it  is  this  which 
permits  of  the  further  boiling  of  a  liquid  already  partly  evaporated  in  a 
former  effect.  The  pressure  in  the  tubes  of  any  stage  is  always  less 
than  that  in  the  surrounding  shell;  the  pressure  in  the  shell  of  any 
stage  is  equal  to  that  in  the  tubes  of  the  previous  stage. 

597.  Theory.  Let  W  be  the  weight  of  dry  steam  supplied ;  the 
heat  which  it  gives  up  is  WL,  Let  w  be  the  weight  of  liquid  enter- 
ing the  first  stage,  JTits  heat,  and  h  and  I  the  heat  of  the  liquid  and 
latent  heat  corresponding  to  the  pressure  in  the  first-stage  tubes.  If 
X  pounds  of  this  liquid  are  evaporated  in  the  first  stage,  the  heat 
supplied  is  xl  4-  w(^h  —  J7),  theoretically  equal  to  WL;  whence 

x=lWL-w(ih-  iT)]  4- 1 

Then  x  pounds  of  vapor  enter  the  shell  of  the  second  stage,  giving 
up  the  heat  xl.  The  weight  of  liquid  entering  the  tubes  of  the 
second  stage  is  w  —  x.  Let  the  latent  heat  and  heat  of  liquid  at 
the  pressure  in  the  tubes  of  this  stage  be  m  and  i :  then  the  heat  ab- 
sorbed, if  y  pounds  be  evaporated,  is  y^n  -f-  (w  —  x^(i  —  A),  the  last 
term  being  negative,  since  i  is  less  than  A.     Then 

y  =  \xl  —  Qw  —  x)(^i  —  A)]  -H  w. 

Consider  now  a  third  stage.     The  heat  supplied  may  be  taken  at  ym ; 

the  heat  utilized  at 

zM -\-  {w-  X-  y)(il-  i), 

(z  being  the  weight  of  liquid  evaporated,  i(f  its  latent  heat,  and  /the 
corresponding  heat  of  the  liquid), 

whence  z  =  [ym  —  (w  —  x  —  y^(^I  —  i)]  -f-  M, 

The  analysis  may  be  extended  to  any  number  of  stages. 

598.  Rate  of  Eyaporation.  Ordinarily,  the  evaporated  liquid  is  an  aqueous 
solution;  the  total  evaporation  per  pound  of  steam  supplied  increases  with  the 
number  of  stages,  being  practically  limited  by  the  additional  constructive  expense 
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Bnd  radiation  low.  For  a  triple-effect  evaporator,  the  total  evaporation  pef  W 
pounds  of  atenm  aiippHed  in  x  +  ;/  +  z.  Let  K^  =  1,  arid  let  the  Rleam  be  siipplifd 
at  atmonpheric  pressure,  the  Taciiiim  at  the  ixxidenser  l>eirig  0.1  lb.  absolnte.  and 
the  aticceHBire  shell  preitaurea  14.7,  8.1,  1.5.  The  preMiires  in  the  Inhen  are  th«a 
8.1,  1.5,  and  0.1  ;  wheiwe  7.=  070.4,  /  =  9S7.»,  *  =  151.:|.  Bt  =  1027.8.  i  =  ei.fl.  7=8.88, 
■M  =  1048.1-  Let  H  be  100,  the  liquid  being  HuppUed  at  132'  F.  A  definite  re- 
lation must  exist  between  in  niiiJ  11',  lu  order  thut  llic  supply  of  vapor  to  the  last 
etTiict,  g,  may  be  aufficleut  to  produce  eviiporation,  yet  not  so  great  na  to  burden  the 
apparatus;  this  in  to  be  deteruiini-d  by  the  degree  of  concentration  desired  iu  any 
particular  case,  whence  s  +  i/  +  z  =^  (/)".  i"  which  (/)  repreaenta  the  proportion  ci 
liquid  to  be  evaporated.  I^et  (/)  =  1-0,  as  is  prncticaUy  tlie  cnae  in  the  distillaticD 
of  water;  then  w  =  x  +  g  +  z.  We  now  have,  j-  =  0.fl82-0.nij21  «■,  y=a88 +  0-0211  w, 
I  =  0.720  +  0.094  lu,  i  +  j  +  z  =  (c  =  2..'i88  +  0.063  w,  whence  »  =  2.78.  ThU  ii 
equivalent  to  about  37.6  lb.  of  water  evaporated  per  pound  of  cool  burned  uniler 
the  best  conditions-  By  increasing  the  namher  of  effects,  evaporation  rates  up  to 
37  lb.  have  been  attained  in  the  triple-effect  machine.  A  sextuple.«ffect  apparatus 
has  given  an  evaporation  of  45  lb.  of  water  per  lb,  of  combustible  in  the  coal. 

699.  Efficiency.  The  heat  expended  in  evaporation  is  in  this  case  xl+j/m+tM 
=3iMi  B.  t.  u.  The  heat  supplte-l  by  the  steam  wus  H^Z,-970.4  B,  t.  u-  The 
efficiency  is,  tlicrefore,  apparently  3. IS,  a  reauit  pxct-edinji  unity.  A  large  amount 
of  additional  heat  haa,  however,  been  fiunished  by  the  tahtUinm  tiadf,  which  is 
delivered,  not  as  a  vapor,  but  as  a  Uquid,  at  the  comienser. 

600.  Water  Supply-  The  condenser  being  supplied  per  pound  of  steam 
supjilied  to  the  first  stage  with  v  pounds  of  water,  its  heat  iiici-easing  from 
n  to  ,V,  the  heat  luterchange  is  zM=p{N—n),  whence,  v=%M-i-  (JT— n),  the 
liquid  beiug  discharged  at  the  boiling  jwint  corresponding  to  the  pressure 
in  the  condenser.  In  this  case,  for  N—n  =  25,  u  =  ■10.2  lb.,  or  the  wat«r 
supply  is  40.2  -!-  2.76  =  14.5  lb.  per  pound  of  liquid  evapoi-ated.  Some  ex- 
cess is  allowed  in  practice :  the  greater  the  number  of  effects,  the  less,  gen- 
erally speaking,  is  the  quantity  of  water  required. 

601.  The  Ooss  Eraporatpr.  This  is  shown  in  Fig.  292.  Steam  enters 
the  first  stage  J''"  from  the  boiler  O,  aay  at  194  lb.  pressure  and  379°  F. 
The  liquid  to  be  evaporated  (water)  here  enters  the  la»t  stage  A,  s&y  at 
62°  F. ;  the  boiling  of  the  liquid  in  each  successive  stage  from  ^  to  ,4 
produces  steam  which  pusses  to  the  interior  tube  of  the  next  snccoeding 
stage,  along  with  the  water  resulting  from  condensatioa  in  the  interi(»  tubs 
of  the  previous  stage.  The  condensed  steaiu  from  the  first  stage,  is,  boWr 
ever,  returned  to  the  boiler,  which  thus  operates  like  a  house-heating  boiler^ 
with  closed  circulation.  Let  1  lb.  of  liquid  be  evaporated  in  F;  its  pressum, 
and  temperature  are  so  adjusted  that,  in  this  case,  the  whole  temperatura^ 
range  between  that  of  the  steam  (379*  F.)  and  that  of  the  liquid  finally  di»J 
charged  from  A  (213°  F.)  is  equally  divided  between  the  stages.     The 
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1.1  lb.  of  steam  are 
1.1 


amount  of  vapor  produced  in  any  stage  may  then  be  conijiuted  from  the 
heat  supplied  for  the  assigned  temperature  and  corresponding  pressure. 
Finally,  in  A,  no  evapoi-ation  occurs,  the  incoming  liquid  being  merely 
heated  ;  and  it  is  found  that  the  weights  of  discharged  liquid  and  incoming 
liquid  are  equal,  amounting  each  to  4.0U  lb.  The  steam  supplied  by  the 
boiler  may  be  computed ;  in  J'*,  we  condense  steam  at  379°  F.,  at  which  it* 
latent  heat  per  pound  is  845.8.  /(  U  osaumM  that  3  pef  cent  of  the  heal 
supplied  in  each  effect  is  lost  by  evaporalioti ;  the  available  heat  in  each  pound 
of  steam  supplied  is  then  0.97  X  845.8  =  820.426.  This  lieat  is  expended  in 
evaporating  1  lb.  of  water  at  312,6°  to  dry  steam  at  345.8°,  requiring 

1187.44  -  282.26  =  905.18  B.  t.  u.,  for  which  ^^^, 

required.     The  whole  evaporation  for  the  six-effect  apparatus  is 

3.646  lb.  per  pound  of  steam.  For  the  Beco^d  effect,  E,  the  heat  supplied 
is  iimj  =  870.66,  gross,  or  0.97  x  870.66  =  8'i4.y4,  net.  The  heat  utilised 
iBl.873{2S2.22-24S.7)  +  (0.873x895.18)=844.54.  In  A  the  heat  supplied 
is  0.97[(0.873xi:w„)  +  l(31C.98-28222)"i --790.8;  that  utilized  is 
2.633(248.7 -215.3)  + {0.76  X  918.42)  =  790.8,  The  heat  interchange  is 
perfect ;  it  should  he  noted  that  the  liquid  to  De  evaporated  and  the  heat- 
ing medium  are  moving  in  opponite  directions  This  involves  the  use  of  a 
greater  amount  of  heating  surface,  b'lt  leads  'a  higher  efficiency,  than  th« 
customary  arrangement.  An  estimated  ecoi  omy  of  60  lb.  of  water  per 
pound  of  coal  is  possible  with  seven  stages  (1). 


The  Petleton  evaporator,  instead  of  reducinn  the  pressure  over  the  liquid  to 
permit  of  easier  vaporiMition,  mechanically  coniprc»»ed  the  vapor  previously  removed 
and  thus  enalilcd  it  to  further  vaporize  the  rcniaining  Uquid.  Steam  was  used  lo 
start  the  apparatus.  The  vapor  generated  was  comprcssci!  by  a  separate  pump  to 
a  higher  pressure  and  tempLTBture  and  whs  then  pastied  back  thniuich  a  coil  in 
contact  with  the  residual  liquid.  Here  it  gave  up  its  heat  .lad  was  condensed  and 
trapped  off.  Enough  (iddifional  va|)or  was  thus  produced  to  Hiainlain  operation 
without  the  further  supply  of  steam.  With  an  etficieiil  pump,  the  fuel  consump- 
tion may  be  le^  tlian  half  that  ordinarily  reached  in  triple  effect  machines. 


Ff.SIOM 

Change  of  Volume  during  Change  of  State. 


was  derived  in  Art.  368.     The  specific  volume  of  a  vapor  below  the  criti- 
cal temperature  exceeds  that  of  the  liquid  from  which  it  is  produced; 
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consequently  V—  v  has  in  all  cases  a  positive  value,  and  hence  —-  must 

be  positive;  t.e.  increase  of  pressure  causes  an  increase  in  temperature. 
It  is  universally  true  that  the  boiling  points  of  substances  are  increased  by 
increase  of  pressure,  and  vice  versa,  at  points  below  the  critical  tempera- 
ture. If  for  any  vapor  we  know  a  series  of  corresponding  values  of  V,  Z», 
Ty  and  v,  we  may  at  once  find  the  rate  of  variation  of  temperature  with 
pressure. 

603.  Fusion.  The  same  expression  holds  for  the  change  of  state  de- 
scribed as  fusion ;  the  Carnot  cycle,  Figs.  162, 163,  may  represent  melting 
along  ab,  adiabatic  expansion  of  the  liquid  along  be,  solidification  along 
c(l,  and  adiabatic  compression  of  the  solid  to  its  melting  point  along  da. 
In  this  case,  Fdoes  not  always  exceed  v;  it  does  for  the  majority  of  sub- 
stances, like  wax,  spermaceti,  sulphur,  stearine,  and  paraffin,  which  con- 
tract in  freezing ;  and  for  these,  we  may  expect  to  find  the  melting^  point 
raised  by  the  application  of  pressure.  This  has,  in  fact,  been  found  to  be 
the  case  in  the  experiments  of  Bunsen  and  Hopkins  (2).  On  the  other 
hand,  those  few  substances,  like  ice,  cast  iron,  and  bismuth,  which  expand 
in  freezing,  should  have  their  melting  points  lowered  by  pressure ;  a  result 
experimentally  obtained,  for  ice,  by  Kelvin  (3)  and  Mousson  (4).  The 
melting  point  of  ice  is  lowered  about  0.0135°  V,  for  each  atmosphere  of 
pressure.  The  expansion  of  ice  in  freezing  is  of  practical  consequence.  A 
familiar  illustration  is  afforded  by  the  bursting  of  water  pipes  in  winter. 

604.  Comments.    As  the  result  of  a  number  of  experiments  with  non-metallic 
substances,  Person  (5)  found  the  following  empirical  formula  to  hold : 

Z=(C-c)(7'+256), 

in  which  L  is  the  latent  heat  of  fusion,  C,  c  are  the  specific  heats  in  the 
liquid  and  solid  states  respectively,  and  T  the  Fahrenheit  temperature  of  fusion. 
Another  general  formula  is  given  for  metals.  A  body  may  be  reduced  from  the 
solid  to  the  liquid  state  by  solution.  This  operation  is  equivalent  to  that  of  fusion, 
but  may  occur  over  a  wider  range  of  temperatures,  and  is  accompanied  by  the  ab- 
sorption of  a  different  quantity  of  heat.  The  applications  of  the  fundamental 
formulas  of  thermodynamics  to  the  phenomena  of  solution  have  been  shown  by 
Kirchoff  (6).  The  temperature  of  fusion  is  that  highest  temperature  at  which  the 
substance  can  exist  in  the  solid  state,  under  normal  pressure.  The  latent  heat  of 
fusion  of  ice  has  a  phenomenally  high  value. 
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Liquefaction  of  Gases 

605.  Graphical  Representation.     In  Fig.  293,  let  a  represei 
liite  of  ;i  superheated  vapor.     It  may  be  reduced  to  satui-ation,  and 

liquefiei],  either  at  coiistiint  pressure,  ftlong  acU 
the  temperature  being  reduced,  or  at  uonstnul 
temperature  along  ahs,  the  pressure  bei 
creased.     After  reaching  the  state  of  saturii- 
tion,   any   diminution   of   volume   at   constitnt 
temperature,  or  any  de- 
creaae  in  temperature  at 
constant  volume,   must 
produce    partial    lique- 
faction.    Constant  tem- 
perature liquefaction  is  not  applicable  to  gases 
having  low  critical  temperatures.     Thus,  in 

Fig.  294,  aft  is  the  liquid  line   and   cd   the  Fio- 29*.  Art. 605.— Liquet, 
saturation  curve  of  carbon  dioxide,  the  two 

meetiug  at  the  critical  lemperature  of  88°  F.  From  the  state  » 
this  substance  can  be  tiquetied  only  by  a  reduction  in  temperature. 
With  "permanent"  gases,  having  critical  temperatures  as  low  ai 
—  2(JI)°  C,  an  extreme  reduction  of  temperature  must  be  effected 
before  pressure  can  cause  liquefaction, 

606.  Satly  Experiments.  Moage  and  Clouet,  prior  to  tS()(l,  had  liquefied  sdK 
phur  dioxide,  atid  Nortbmore,  iii  1S05,  produced  liquid  chlorine  mid  possibly  a 
aiilpluirous  acid,  in  iJie  same  uiutiiier  ait  was  adopted  by  Faraday,  aboul  1823.  ia 
liqiiefyiug  chlorine,  hydrogen  uulphide,  carbon  dtuzide,  nilrous  oxide,  cyanogen, 
atnmouiB,  and  hydrochloric  acid  gas.  The  apparatus  consisted  simply  of  a  cloaitd 
tube,  one  end  o(  which  was  heated,  while  the  otiLer  was  plunged  in  a  freezing  n 
ture.  Fressftres  as  high  as  .'JO  atmospheres  were  reached.  Coltadon  eupplemeu 
tliis  apparatus  with  an  expansion  cock,  the  sudden  fall  of  pressure  through  IhS 
cock  cooling  the  gas;  and  in  Cailletet's  hands  this  apparatus  led  to  useful  reAiltA. 
Thilorior,  utillKing  the  cooling  produced  by  tlii^  evaporation  of  liquid  carbon  dioz« 
ide,  first  produced  that  substance  in  the  solid  form.  Natterer  compreMed  ozygei) 
to  4000  atmospheres,  making  its  density  greater  than  thnt  of  the  liquid,  but  witlt^ 
out  liquefying  it,  Faraday  obtained  minimum  temiieratures  of  —  1SQ°  F.  by  ti 
use  of  solid  carbon  dioxide  and  ether  in  vacuo. 

607.  Liquefaction  by  Cooling.     Andrews,  in  1849,  recognizing  tha 
limiting  critical  temperature,  proposed  to  liquefy  the  more  penDanent 
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gases  by  combining  pressure  and  cooling.      Figure  295  shows  the 

principle  involved.      Let  the  gas  be   com-  - 

pressed  isothermally  from  P  to  a,  expanded 

through  an  orifice  along  aJ,  re-compressed  to 

c,  again  expanded  to  rf,  etc.     A  single  cycle 

might    suflBce   with    carbon    dioxide,   while 

many  successive  compressions  and  expansions 


would  be  needed  with  a  more  permanent  gas.  Fio.  295.  Art.  607.  —  Liqne- 
The  process  continues,  in  all  cases,  until  the  ^^^  ^^  Yre^mr^  and 
temperature  falls  below  the  critical  point; 

and  at  x  the  substance  begins  to  liquefy.  The  action  depends  upon 
the  cooling  resulting  from  unrestricted  expansion.  With  an  abso- 
lutely perfect  gas,  no  cooling  would  occur ;  the  lines  aJ,  cd^  etc., 
would  be  horizontal,  and  this  method  of  liquefaction  could  not  be 
applied.  The  "  perfect  gas,"  in  point  of  fact,  could  not  be  liquefied. 
All  common  gases  have  been  liquefied. 

608.  Modem  Apparatus.  Cailletet  and  Pictet,  independently,  in  1877, 
succeeded  in  liquefying  oxygen.  The  Pictet  apparatus  is  shown  in 
Fig.  296.  The  jacket  a  was  filled  with  liquid  sulphur  dioxide,  from  which 
the  vapor  was  drawn  off  by  a  puinp,  and  delivered  to  the  condenser  6. 

The  compressor  c  re-delivered  this 
substance  in  the  liquid  condition 
to  the  jacket,  cooling  in  d  a  quan- 
tity of  carbon  dioxide  which  was 
itself  compressed  in  e  and  used  as 
a  cooling  jacket  for  the  oxygen 
gas  in  /.  The  oxygen  was  formed 
in  the  bomb  gr,  and  expanded 
through  the  cock  h,  producing  a 
fall   of  temperature    which,   sup- 

FiG.296.   Art.  608,  Prob.  7.  -  Cascade  System,    plemented   by   the   cooling  effect 

of  the  carbon  dioxide,  produced 
liquid  oxygen.  The  series  of  cooling  agents  used  suggested  the  name 
cascade  system. 

609.  Dewar'8  Experiments.  Dewar  liquefied  air  in  1884  and  nitrogen  about 
1892.  In  1895  he  solidified  air  by  free  expansion,  producing  a  jellylike  substance. 
In  1896  he  obtained  liquid  liydrogen,  by  the  use  of  which  air  and  oxygen  were 
solidified,  forming  white  masses.  A  temjierature  of  —  396.4°  F.  was  obtained. 
Dewar's  final  apparatus  was  that  of  Pictet,  but  compressors  were  used  to  deliver 
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the  gasea  to  the  liquefying  chuniber,  and  tthyluae  waa  employed  id  plac 
bon  dioxide.  ^ 

610.  Regenerative  Process ;  Liquid 
Air.  The  f;iU  of  temperature  ac- 
companying a  reduction  in  pressure 
haa  been  utilized  by  Liude  (7)  and 
others  in  the  manufacture  of  liquid 
air.  In  the  first  form  of  apparatus, 
Bhown  in  Fig.  297,  air  waa  com- 
pressed to  about  2000  !b.  pressure  in  , . 

a  tliree-atftge  machine  A,  and  after  ^        Jj 

cooling   in   B  waa  delivered  to  the  '    ,  yH  , 

inner  tube  of  a  double  coil  C,  through 

which   it   paHsed    to    the    expansion 

valve  D.      Here  a  considerable  fall  ii 

of     temperature    took    place.      The      /    "    \ 

cooled  and  expanded  air  then  passed 

back  through  the  outer  tube  ot  the"""'-"'  *"■  •1«-".I»"A«1»"I»- 

coil,  cooling  the  air  descending  the  inner  tube,  and  was  discharged 

at  F.     The  effect  was  cumulative,  and  after  a  time  liquid  air  was 

deposited  in  £!.      In  the  present  type  of  machine,   the  compressor 

takes  its  supply  from  F,  a  decided  improvement.     Tlie  regeuerativ* 

principle  has  been  adopted  in  the   recent   forma  of   apparatus  of 

HampsoD,  Solvay,  Dewar,  aud  Tripler. 

The  latent  heat  of  evaporation  of  air  at  atraoapherio  presanre  ii  about  IW 
B,  t.  u.  (3).  In  ila  coramereial  form,  it  uoiitains  flmall  particles  of  solid  oBrbon 
dioxide;  when  these  are  removed  by  filtration,  tlie  liquid  becoiuea  clear.  The 
boiling  point  of  nitrogen  is  somewhat  higher  than  tliat  of  oxygen;  fairly  pun 
liquid  oxygen  may,  therefore,  he  obtained  by  allowing  liquid  air  to  partisUy 
evaporate  (B).  The  cost  of  production  of  liquid  air  has  been  carefully  estimtU^ 
in  one  iusUince  to  apprau<;b  32  cents  per  pint  (10). 

(1)  Tratu.  A.  S.  M.  E..XXV,OS.  The  steam  table  used  was  Peabody's,  1890  ei 
The  temperatures  noted  on  Fig.  S{I2  are  approximate:  tliose  in  the  text  ale  corrMti 
(1  a)  See  the  paper  by  Newhall,  before  the  Louisianu  RuRar  Planters'  Association, 
Junel3,1907.  (2)  Htfi.  B.A..  ISCA.U.oti.  (3)  Pha.  Mag.,  IS50:  III,  xxxvii,  133. 
(4)  Deschanel,  Natural  PhUmophy  (Everett  tr.).  1893,  H.  331.  (5)  Ann.  dt  Chem. 
el  de  Phya.,  November,  1849.  (6)  Pof/g,  Ann.,  1858.  (7)  Zeuner.  Terhnical  Themtf 
dynamics  (Klein),  IT,  303-313;  Trans.  A.  S.  M.  £.,  XKI.  158.  (8)  Jacobus  and 
Dickerson;  Tram.  A.  S.  M.  E.,  XXI,  166.  (fl)  See  the  very  complete  paper  b; 
Rice,  Tram.  A.  8.  M.  E..  XXI,  156.  (10)  TesU  iff  a  Liquid  Air  Plant,  Hudam  m4 
Cwland;  UnmriUy  of  UUnm  B\dktin,  V,  19. 
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SYNOPSIS  OF  CHAPTER  XVH 

Di^illation 

The  still  is  a  device  for  purifying  liquids  or  recovering  solids  by  partial  evaporation. 

By  evaporation  in  vacuo,  the  heat  consumed  may  be  reduced  in  many  important 
applications :  waste  heat  may  be  employed. 

Steam  may  supply  the  heat ;  in  the  Newhall  apparatus,  the  steam  circulates  through 
tubes. 

In  the  Yaryan  apparatus,  the  steam  surrounds  the  tubes. 

The  vapors  rising  from  the  solution  may  supply  the  heat  required  in  a  second  **  effect," 
provided  that  the  solution  there  is  under  a  less  pressure  than  in  the  first  stage. 

As  many  as  six  stages  are  used,  the  pressure  on  the  solution  decreasing  step  by  step. 

Evaporation  per  effect :  x  =  ^'t.-w(h-ir) .      ^  xl-{w-x){i-K) 

I  m 

^_ym-(w^x-y)(I-i) 

M 

In  a  t3rpical  case,  the  triple-effect  machine  gives  an  evaporation  of  2.76  lb.  per  pound  of 
steam. 

9  Ti/f 

Water  required  at  the  condenser  per  pound  of  liquid  evaporated  = • 

(.V_  n) 

In  the  Oois  evaporator,  the  steam  and  the  solution  move  in  opposite  directions ;  this 
increases  the  necessary  amounJb  of  surface^  but  also  the  ^I^ZcieTicy.  Ptite^ton 
evaporator. 

Fusion 

7'*ft    T    rl  T 

The  formula  V—v  =— — —  —   applies  to  fusion.    The  melting  points  of  substances 

may  be  either  raised  or  lowered  by  the  application  of  pressure,  according  as  the 
specific  volume  in  the  liquid  state  is  greater  or  less  than  that  in  the  solid  state. 

The  melting  point  of  ice  is  lowered  about  0.0135°  F.  per  atmosphere  of  pressure  imposed. 
L=(C—  c)(r+  266)  for  non-metallic  substances. 

Liquefaction  of  Oases 

A  vapor  below  the  critical  temperature  may  be  liquefied  either  at  constant  pressure  or 
at  constant  temperature. 

No  substance  can  be  liquefied  unless  below  the  critical  temperature. 

A  few  common  substances  have  been  liquefied  by  the  use  of  pressure  and  freezing 
mixtures. 

A  further  lowering  of  temperature  is  produced  hjfree  expansion. 

Liquefaction  may  be  accomplished  with  actual  gases  by  successive  compressions  and 
free  expansions. 

The  Pictet  apparatus  (cascade  system)  employed  the  latent  heat  of  vaporization  of 
successive  fluids  to  cool  more  volatile  fluids. 

The  regenerative  system  provides  for  the  free  expansion  of  a  highly  compressed  gas 
previously  reduced  to  atmospheric  temperature.  This  is  used  in  manufacturing 
liquid  air. 
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e  pound  of  water  to  be  i 
!ur  in  the  innei  tube  of  ead 
n  Art.  flOl : 


;r  delivered  to  E. 
fer  evaporated  ii 


the  whole 


PROBLEMS 

1.  Water  entering  a  gtill  at  40°  F.  U  evaporated,  (a)  at  atmoepherio  [ 
(6)  at  2  lb.  absolute  pressuru.  Wbat  is  the  saving  in  heat  in  the  latter  ease ! 
njore  Important  saving  is  possible  7 

2.  Water  entering  a  double-effect  evaporator  at  80°  F.  is  completely  distilled,  iho 
steam  supplied  being  dry  and  at  atmospheric  pressure,  the  presanre  in  llie  second-stage 
shell  being  8  lb,  and  that  in  the  aecond-siage  tubes  1  Ih.  Cooling  water  Is  available  at 
60°  F,  The  t«inperaLure  of  the  circulatljig  water  at  the  condenser  outlet  li  W. 
Find  the  steam  consuuiption  per  i>ound  of  water  evaporated  and  the  cooling  vraier 
couaumptlon,  if  the  vacuum  pump  discharge  is  at  S6°F. 

8.  In  Fig.  21)2,  take  temperatures  as  given  ;  assume  t 
pletely  evaporated  in  F,  and  complete  condensation  to  o 
effect;  aud  compute,  allowiug  3  per  cent  for  radlntion,  ae 

(a)  The  weight  ot  sleutn  condensed  in  P. 

(b)  Tlie  weight  of  steam  evaporated  in  E,  and  of  wa 

(c)  The  weight  of  boiler  steam  used  per  pound  ot  n 
apparatus.     Use  the  steam  tables  on  pp.  34T,  248. 

4.  The  weight  of  one  cubic  foot  ot  HjO  at  32°  F.  and  otniospherio  preasare  i» 
6T.6  lb.  as  Ice  and  02.42  lb.  as  water,  and  the  latent  heat  of  fusion  ot  <ce  being  US 
B.  t.  u..  And  how  much  the  melting  point  of  ice  will  be  lowered  if  the  prewue  if 
doubled  (ArL(W3), 

5.  The  specific  heat  of  ice  being  0.604,  find  its  latent  beat  of  tusioa  at  32°  F,  ftoa 
An.  004. 

6.  How  much  liquid  air  at  atmoaplioriu  pressure  would  be  evaporated  in  fretdiig 
1  lb.  of  wau-r  Initially  at  00"  F.? 

T.  In  a  Fictet  apparatus,  Fig.  200,  1  tb.  ot  air  is  lli|uefled  at  atmospheric  piewiie, 
free  expansion  having  previously  reduced  its  temperature  to  the  point  of  lii]uefacllon< 
The  cundeneation  is  produced  by  carbon  dioxide,  which  evaporates  in  the  jsciiet  «iUi- 
out  change  ol  temperature,  at  such  a  pressure  lliat  its  latent  heat  of  vaporiMtion  1> 
200  B.  t  U.  How  uiaciy  [lounds  ot  carbon  dioKlde  are  evajtorated  ?  Tills  dioxide  i< 
subsequently  liciuefled,  tit  a  higher  pressure  and  while  dry  (latent  heat  =  120),  ixA 
cooled  through  100°  F.  Its  apeeilic  heat  as  a  liquid  may  l>e  talten  as  0.4.  The  lique- 
faction and  cooling  of  the  carbon  dioxide  are  produced  by  the  evaporation  of  suliililT 
dioxide  (latent  heat  220  B.  l.  u.).  What  weight  of  sulphur  dioxide  will  be  BV»p- 
orated  per  pound  of  air  liquefied  ?  Why  would  the  opemtion  described  be  impW- 
ticable  ? 

S.  From  Art.  246,  find  the  fall  of  temperature  at  expansion  in  a  Linde  air  niacblD* 
in  whlcli  the  air  Is  compresBed  lo  2000  lb.  absolute  and  cooled  to  80°  F.,  and  thou  ev 
panded  to  atmospheric  pressure.  How  man;  complete  circuits  must  the  air  make  In 
order  thiit  tlie  temperature  may  fall  from  W  F.  to  -306°  F.,  if  the  same  fall  of  tem- 
perature is  attained  lit  each  circuit  ? 


9.  riot  on  the  entropy  diagram  the  path  of  ice  heated  at  constant  pressure  froffl 
—  400^F.  to  82°  F.,  ossiimtng  the  specific  heat  to  be  constant,  and  then  melted  tl 
atmospheric  pressure.  How  will  the  diagram  be  changed  it  melting  occuib  at  a  pit*- 
■ure  of  1000  atmospheres  ? 
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Plot  a  carre  embracing  states  of  the  completely  melted  ice  for  a  wide  range  of 
pressures.  Construct  lines  analogous  to  the  constant  dryness  lines  of  the  steam 
entropy  diagram  and  explain  their  significance. 

10.  At  what  temperature  will  the  latent  heat  of  fusion  of  ice  be  0  ?  What  would 
be  the  corresponding  pressure  ? 


CHAPTER   XVIII 

MECHANICAL  REFRIGERATIOK 

611.  History.  Refrigeration  by  "freezing  miitures"  has  been  practiced  fof 
centuries.  Patents  covering  mgchanical  refrif/e ration  date  back  at  least  to  1835  (I)i 
III  the  first  uachines,  ether  v/aa  the  working  subalance,  and  the  cost  of  opentjon 
was  high,  Pictet  ititrodutwil  the  use  of  sulphur  dioxide  and  earboti  dioxide. 
transportation  of  refrigeiated  meats  began  about  1873  and  developed  rnpidly  afMf 
1880,  most  of  the  earlier  machines  using  air  as  a  working  fluid.  The  poasitiililf 
of  safely  shipping  refrigerated  fresh  fruits,  milk,  butter,  etc.,  has  revolutiotiiZBd' 
the  distribution  of  these  food  products;  and,  Ui  n  large  extent,  refrigerating  pr»- 
cesses  have  eliminated  the  use  of  ice  in  breweries,  packiog  hoimes,  fish  and  meat 
markets,  hotels,  etc.  The  two  important  applications  of  artificial  ref rigeratiuu  tl 
present  are  for  the  production  of  artificial  iae  and  tar  cold  storage. 

612.  Carnot  Cycle  Reversed.  In  Fig.  298,  let  the  cycle  )»' 
worked  in  a  counter-clockwise  direction.  Heat  ia  absorbed  alonjf 
dc  and  emitted  along  ha;  the  latter  quantity  of  heat  exceeds  tits 
former  by  the  work  expended,  abed.  The  object  of  refrigeration 
13  to  cool  some  body.     This  cooling  may  be  produced  by  a  flow  of 


vened  Carnot  Cyde. 


licdt  from  the  body  to  the  working  fluid  along  dc.     Cyclic  action 
possible  only  nnder  tlie  condition  that  the  working  fluid  atterwarJ 
transfer  the  beat  to  some  second  b<}dy  along  ha.      The  body  to 
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cooled  is  called  the  vaporUer;  the  second  body,  which  in  turn  rt?- 
ceivea  heat  from  the  working  fluid,  is  the  cooler.  The  heat  taken 
from  the  vaporizer  is  ndcN;  that  discharged  to  the  cooler  is  nahN. 
The  function  of  the  machine  is  to  cause  heat  to  pass  from  the  vapor- 
izer to  a  substance  warmer  than  itself;  *'■*'■  t''*  cooler.  This  is 
accomplished  without  contravention  of  the  second  law  of  thermo- 
dynamics, by  reason  of  the  expenditure  of  mechanical  work.  The 
refrigerating  machine  is  thus  a  heat  pump. 

The  Camot  cycle,  with  a  gaa  as  tlie  uDrkiiig  fluid,  would  lead  to  nti  exces- 
Kively  bulky  mac)iiiie  (.'^rt.  ^4!)).  Early  Curmn  <if  apjiuratuB  therefore  embodied 
the  regeneraliM  principle  (Art  337).  Tiiia 
is  illustrated  in  Fig.  200. 

Without  the  regenerator,  air  wonM 
be  compressed  adiabatically  from  1  to 
2,  cooled  at  constant  pressure  along 
;;  3,  expanded  adiabatically  along  3  4, 
and  allowed  to  take  up  heat  from  the 
body  to  be  refrigerated  along  4  1.  In 
practice,  this  heat  is  partly  taken  from 
the  body,  and  partly  from  other  siir. 
rounding  objects  after  the  working 
air  has  left  this  body,  aay  at  5.  The 
absorption  of  heat  along  51  then  effects  no  good  purj>o8e.  If,  however, 
this  part  of  the  heat  be  absorbed  from  the  compressed  air  at  3,  that 
body  of  air  may  be  cooled,  in  consequence,  along  3  6,  so  that  adiabatic  es- 
pansion  will  reduce  the  temperature  to  that  at  7,  lower  than  that  at  4, 
This  is  aocomplished  by  causing  the  air  leaving  the  cooler  to  come  into 
transmissive  contact  with  that  leaving  the  vapori/.er.  The  effect  of  the 
regenerator  is  cumulative,  increasing  tlie  fall  of  temperature  at  each  stepj 
but  since  the  expansion  cylinder  must  be  kept  constantly  colder  as  expan. 
sion  proceeds,  a  limit  soon  arises  in  practice. 

In  Kirk'H  machine  (18fi3),  a  compreBsing  cylinder  was  used  for  tlie  operation  cb, 
Kg.  298,  and  two  expansive  cyliiidei-s  for  the  operation  ad,  one  receiving  the  air 
from  eacli  end  of  the  eomprc»»or  cylinder.  The  pressure  throughout  the  cycle  was 
kept  considerably  altove  that  of  the  atmosphere,  and  temperatures  of  —  30"  F.  were 
obtained.  The  regenerator  conai.sted  of  layerp  of  wira  gaa/e  located  in  the  pis- 
tons (2).  The  air  luacliineN  of  Hargreuves  and  Ingli:<  (1878),  Tuttle  and  Lugo. 
Lugo  and  McPherEWii,  Hick  Hargreaves,  .Stevenson,  Haslam,  Lightfoot,  TIall,  and 
Cole  and  Allen,  have  been  described  by  Wallts-Tayler  (3).  The  Bell-Coleman  ma- 
chine may  be  regarded  as  the  forerunner  of  all  of  these,  altliongh  many  variations 
a  and  method  of  working  have  beon  introduced. 
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613.  Bell-Coteman  Machine.  This  is  the  Joule  aii-  engine  of  Art  101, 
reversed.  It  opemtes  in  tlif  net  cycle  given  by  an  air  eompressor  and  m 
air  engine,  aa  in  Art,  213.  In  Kiys.  300  and  .101,  C  is  the  room  lo  be 
cooled,  .4  a  cooler,  M  n  compressor,  and  .V  an  expansive  cylinder  (iur 
engine).  In  the  position  shown,  with  the  pistons  nioving  toward  the  lef^ 
air  flows  from  C  to  M  at  tlie  temperatnre  T^.  On  tlie  retnrn  stroke, 
valve  a  closes,  tlie  air  is  compressed  along  cb,  Fig.  301,  and  the  val' 


opens,  permitting  of  discharge  into  A  along  be,  at  the  temperatura  T\ 
The  operation  is  now  repeated,  the  drawing  in  of  air  from  C  to  Jfbeini 
represented  by  the  line  /•?.  Meanwhile  an  equal  weight  of  air  has  I 
passing  from  A  to  jVat  the  temperature  3".,  less  than  T,  on  account  of  th« 
action  of  the  cooler,  along  ea;  expanding  to  the  pressure  in  O  along  a 
reaching  the  temperature  T^,  lower  than  that  in  C;  and  jjassing  into  Cv 
constant  pressure  along  df.  The  work  expended  in  the  compn^ssor  cjlin 
isfcbe;  that  done  by  the  expansion  cylinder  ia/eorf;  the  difference,  abf4 
represents  work  required  from  wUlioul  to  permit  of  the  cyclic  operation 
If  the  lines  ad,  be,  are  iaodtabatics, 

Suitable  means  ure  provided  for  coaling  the  air  in  the  compresnor  cylinder,  so  Mh 
avoid  the  losses  due  to  a  ri^e  of  temperature  (Art.  103),  aad  also  for  drying  Ibi 
air  entering  the  expansion  cylinder. 

llie  expansion  cylinder  is  necessary  for  the  operation.     Fn^  eicpanaian  of  the  ait 
ihroiiRh  a  vaive  from  \>,  to  p/  would  be  unaceompaniedjjy  any  drop  in  teniperattirv. 

614.    Analysis  of  Action.     Let  air  at  147  lb,  pressure  and  fiO"  K, 

at  fl,  Fig.  301,  expand  adialiatically  behind  a  piston  along  ad,  li 
its  pressure  is  14.7  lb.     It*)  temperature  at  d  is 


T. 


--©"■ 


ol9.C-f(10) 


=  209°  Blisulute  or  -191°  F. 
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Let  this  cold  air  absorb  heat  along  dc  at  constant  pressure,  until  its 
temperature  rises  to  0^  F.  Then  let  it  be  compressed  adiabatically 
until  its  pressure  is  again  147  lb.,  along  cb.    Since 

Y  —7p\  ^*  =459.6 ^^^j  =890°  absolute,  or  430^  F. 

The  air  now  rejects  heat  at  constant  pressure  along  ha  to  cold  water 
or  some  other  suitable  agent,  and  the  action  recommences.  In 
practice,  the  paths  ad  and  6c  are  very  nearly  adiabatic,  but  if  n<j/, 
the  changes  of  temperature  are  less  than  those  just  computed. 

615.  Entropy  Diagram.  Let  aenfbc.  Fig.  302,  represent  the  pv  and  nt 
diagrams  of  a  Hell-Coleman  machine  working  in  two  compressive  stages. 
Choosing  the  point  c  on  the  entropy  plane  arbitrarily  as  to  entropy,  but  in 
its  proper  vertical  location,  we  plot  the  line  of  constant  pressure  ca  up  to 
the  line  of  temperature  at  o.     Then  ae  is  drawn  as  an  adiabatic,  intersected 


m 


n 
9  h 


N 


Fio.  302.    Art.  616.  —  Two-stage  Joule  Cycle. 


by  the  constant  pressure  curve  ne,  with  ?i/,  cb,  and  bf  as  the  remaining 
paths.  The  area  aenfhc  measures  the  expenditure  of  work  to  effect  the 
process.  Along  ca^  theoretically,  heat  is  taken  from  the  cold  chamber  to 
the  extent  cgha.  The  work  expended  in  single-stage  compression  would 
have  been  camb.  We  have  then  the  following  ratios  of  heat  extracted  to 
work  expended: 

single-stage  compression,  32_?L .  two-stage  compression,  -^— -. 

camb  aenfbc 

616.  Work  of  Compression.  In  Fig.  301,  for  M  pounds  of  air 
circulated  per  minute,  the  heat  withdrawn  from  the  cold  chamber 
along  deisQ  =i  Mk(^Tf  —  7d)-     The  work  expended  in  compression  is 


_  Mn  f 


P.n-*- 


n-1 


«-i 


_      1 

P."  P"K 
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If   compresBion    is    adiabatic,    '»  —  y,  (tt) 


,  P.V,=  RT^ 


R=k (^^).  and  W,  =  MkT^i^ -\\  = 


=  MkTL^  - 1  j  =  Mki  n  -  r,).     SimaKrly. 

for    the   engine   (clearance  being   ignored    in    both   cases).  Wg  = 
Mk(^T,  ~  Tj).     The  net  work  expended  ia  then 

W,-  -Wg=Mk(%-T,-T,-\-T,'). 
We  might  also  write,  heat  delivered  to  the  cooler  =5  =Mk{Tt-T,), 

W,-Wb  =q  -Q  =Mk{T,-T,-T,+  Tt). 
Practical  imperfections  will  increase  the  power  consumption  30  to 
50  per  cent  above  this. 

617.  Cooling  Water.  The  heat  carried  away  at  the  cooler  muet  be 
equal  to  the  heat  extracted  along  dc  phis  the  heat  equivalent  of  the  net 
work  expended ;  it  ia 

Mk(T,-  T^  +  T^~  Te-  T^+  Ti)=Mk{Tt-  T,), 
as  the  path  indicates.     Let  the  rise  in  temperature  of  the  cooling  water 
be  T-t:  then  the  weight  of  water  required  is  Affc(rB-rj-^  (7*- (). 

618.  Size  of  Cylinders.  At  N  revolutions  per  Jf  pounds  of  air 
circulated,  the  displacement  per  stroke  of  the  double-acting   oom- 

MRT. 


MRTa  T 

•  the  two  displacements  have  the  ratio  ^  if  the 


pressor  piston  must  be,  ignoring  clearance,  D  =  MY,  -«-  2  iV: 
The  same   air  must  pass  through  the  expansion  cylinder ;  its  dis- 
placement is  ^^p 
cylinders  run  at  equal  r.  p.  m. 

The  piston  Jisplacementa  may  be  corrected  for  clearance  aa  in  Art.  233.  They 
should  l>c  further  increased  from  5 1«  10  per  cent  to  allow  for  imperfect  valve  action,, 
etc.  A  Blight  <lrop  in  pressure  at  the  end  of  expansion  is  uot  objectionable.  Tho 
teraperatUTB  7'j  and  the  capacity  of  the  inaciiine  may  be  Taried  by  changing  tba 
point  of  cut-o<f  of  the  expansion  cylinder. 

619.  Practical  Proportions.  In  air  machines  of  the  Bo-called  "  npen  type,"  tbc 
pressure  in  the  cold  chamber  is  that  of  the  atmosphere;  the  temperature  may  ba 
anywhere  bctweeci  0  and  50°  F,  Tiie  niaximiini  pressure  is  often  made  tour  »U 
mospherea  ahB<)lute.  The  cooling  wiiter  may  lie  wnrmed  from  flOto80°F.,  nndtli* 
air  may  leave  the  condenser  at  90°  F.  Clearaiiee  may  be  from  3  |>er  cent  upvntKti 
pbton  speeds  range  from  75  to  300  ft.  per  minute,  according  to  the  type  of 
compressor. 

620.  Objections  to  Air  Machines.  The  size  of  apparatus  is  inordinate  as  com- 
pared w  ilh  that  of  the  vapor-compresaiou  machines  t«  be  deBoribe4-    ^ha  siM  mif 
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be  consideTably  reduced  by  operating  under  pressure,  as  in  the  Kirk  and  Allen 
"  dense  air  "machines,  in  which  the  suction  pressure  exceeds  that  of  the  atmosphere. 
Small  machines  of  the  latter  type  are  frequently  used  in  marine  service  for  cooling 
pantries  and  for  making  ice  for  table  use.     The  suction  pressure  is  about  65  lb., 
the  discharge  pressure  2*25  lb.     Coils  must  l>e  used  in  the  vaporizer.     The  regenera- 
tive modification  (Art.  612)  may  be  applied,  resulting  in  temperatures  as  low  as 
—80**  F.     Much  difficulty  has  been  experienced  in  open  air  machines  from  the 
presence  of  water  vapor,  which  cons^caLs  in  the  pipes  and  passages  at  low  tempera- 
tures.   This  objection  is  avoided  by  working  on  the  **  dense  air  "  principle.     Light- 
foot  (4)  has  introduced  a  form  in  which  expatiaion  is  conducted  in  two  stages.     The 
temperature  of  the  air  in  the  first  stage  is  reduced  to  only  about  35**  F.,  at  which 
most  of  the  vapor  is  precipitated  and  carried  off,  before  the  air  enters  the  second 
cylinder.    In  many  air  machines,  ordinary  mechanical  separators  are  used  to  dry 
the  air. 

621.  Coefficient  of  Performance.  In  all  cases,  we  have  the  relation 
heat  taken  from  the  cold  body  -f  work  done  =  heat  rejected  to  the  cooler ;  or 
Q  +  W=  q.  The  ratio  Q  -¥■  W  is  described  as  the  coefficient  of  performance. 
For  the  Carnot  cycle,  it  is  obviously  ^  -j-  (  T  —  f),  the  limiting  values  being 
zero  and  infinity.  This  ratio  is  sometimes  spoken  of  as  the  efficiency,  a 
designation  sufficiently  correct  so  far  as  work  expenditure  goes,  but  which 
is  apparently  not  in  conformity  with  the  prin-  p 
ciple  that  no  physical  transformation  can  have 
an  efficiency  equalling  unity.  Figure  3026 
explains  the  anomaly.  The  Carnot  cycle  is 
dbcd\  an  and  hX  are  indefinite  adiabatics. 
Now  ndcX -i- ahcd  =  Q -¥- W  may  have  any 
value  whatever  exceeding  0;  but  these  two 
areas  do  not  represent  all  of  the  heat  actions 
occurring   in   the   cycle.     Heat  has   been   re-  ^ 

moved  by  the  condenser  along  ha,  equivalent     ^'*-  302  6     Art  G2i.-Coeffi. 

•^  ,    .  cient  of  Performance, 

to  nahN=q,     We  may  indefinitely  lower  the 

"efficiencTy  "  by  increasing  the  upper  temperature,  as  by  the  paths  ef,  gh, 

etc.,   without  at  all  increasing  the  useful  refrigerating  effect  obtained. 

We  may,  in  fact,  regard  refrigeration  as  a  negative  effect  produced  by  the 

cooling   in   the   condenser,  the  negative  work  done  being  regarded  as  a 

by-product  of  this   cause:    Q  =  q—W.      A   reversal  of  the    argument 

of  Art.  139  serves  to  show  that  no  cycle  can  give  a  higher  coefficient  of 

performance  than  that  of  Cai'not. 

622.  Desirable  Range.  The  value  of  the  coefficient  of  performance  is 
increased  as  that  of  (T—t)  decreases;  i,e,y  for  efficient  refrigeration,  the 
range  of  temperature  must  be  small,  a  result  of  extreme  practical  impor- 
tance. It  is  more  economical  to  cool  the  given  body  of  air  or  other  sub- 
stance directly  through  the  required  range  of  temperature,  than  to  cool 
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one  tentb,  say,  of  this  body,  through  tea  times  the  temperature  ran^ 
afterward  cooling  tbe  remainder  by  mixture.  This  is  a  special  example 
of  the  geuera!  thermodynamic  principle  that  mixtures  of  substances  at 
different  temperatures  are  wasteful,  such  processes  being  irreversible.  In 
practice,  7"  is  iixed  by  the  temperature  of  tbe  cooling  water.  It  is  seldom 
less  than  60°  F.  The  refrigerant  temperature  (  sboiild  then  be  kept  as 
bigh  as  possible,  for  the  service  in  question,  if  operation  is  to  be  efficient; 
it  must,  however,  be  somewhat  below  the  desired  room  or  solution  tem- 
perature, in  order  that  the  heat  transfer  may  be  reasonably  rapid.  lo 
luaking  ice,  for  example,  t  must  be  considerably  below  32°  F, 

A  reversal  of  the  demonstration  in  Art  25.5,  as  applied  to  Fig.  301, 
.shows  that  the  coefficient  of  perforiDance  for  the  Joule  cycle  (Bell-Cols- 
man  machine),  with  adiabatic  paths,  is  —  ^- —  =  — — £ — ;  for  the  corre- 
sponding Carnot  cycle  it  would  have  been  T,-t-(Ta~T,),  a  natnrally 
higher  value.* 

Since  any  heat  motor  using  nir  is  bulky,  it  is  necessary,  in  order  to  keep  tba 
BJze  of  thexe  machines  within  reasonable  limits,  to  make  the  temperature  ranga 
large.  This  lowers  the  coeffieieiit  of  performance,  which  in  practice  b  u.iiibII; 
only  about  one  fifth  that  of  n  good  ammonia  refrigerating  mafhiae.  Air,  how- 
ever, is  the  least  expensive  of  fluids,  is  everywhere  obtainable,  is  safe,  and  maj  be 
worked  at  high  temperatures  without  excessive  pressure. 

623.    7tie  Kelvin  Warming  Machine.    In  Fig.  301,  let  an  air  engine  receive  il« 

supply  along  ea  itt  noriiuil  rempcriiliire  and  high  preiaure.  The  air  expands  aluDgai^ 
falling  in  temperature,  after  which  it  is  warmed  by  transmission  from  the  eiteniat 
atmosphere  along  rfc  and  compressed  in  a  separate  cylinder  along  cfc.  The  tom- 
perature  at  c  is  equal  to  that  at  a.  The  compression  along  eh  increases  tbe  tem- 
perature, and  tlie  hot  air  may  be  discharged  into  coils  in  an  npartmenl  to  be 
heated.    The  ratio  of  heatiiig  done  to  power  expended  is 


'  T. 


'  T,+  Ti      1\  - 


othe 


The  entropy  diagram  is  that  of  Fig.  302,  and  the  ratio  of  heat  delivered 
room  to  work  expended  is  here  bmh(i  -^  bmac,  which  exceeds  unity,  because  of  tb* 
heat  supplied  by  the  external  air.  Thi«  is  consequently  an  ideal  method  for  best- 
ing. Its  advantage  increases  aa  the  range  of  temperatiun  decreases.  Considering 
an  ideal  heat  engine  and  an  ideal  warming  machine,  both  working  in  tho  sunt 
Carnot  cycle,  the  combined  efficienoy  so  far  as  power  is  concerned  would  be  nnitf. 
The  efficiency  would  exceed  that  of  direct  stove  heating  without  any  loss  whatrirer,. 
whenever  the  range  of  temperature  in  the  engine  exceeded  thai  in  the  wurraing 
machine.  Practically,  the  economical  range  of  temperature  would  be  low,  lb* 
machine  of  immense  size,  and  the  operation  slow. 

*  T,  Is  the  highest  temperature  at  which  refrigeration  may  be  performed;  and  r.Ii 
the  lowest  temperature  at  which  tbe  cooling  water  is  eSectivei 
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624.  The  Vapor  Compression  Machine.  In  the  air  machine,  the  temperature 
is  reduced  by  expansion  in  a  working  cylinder.  The  mere  flow  of  the  air  through 
a  valve  would  not  perceptibly  lower  its  temperature  (Art.  73).  With  a  vapor,  a 
decided  lowering  of  temperature  occui*8  when  the  pressure  is  reduced  by  free 
expansion.  The  expansion  cylinder  may,  therefore,  be  omitted,  and  this  omission 
is  made  in  spite  of  the  fact  that  an  opportunity  for  Siiving  some  power  is  thereby 
lost. 

625.  Principle.  If  a  small  quantity  of  ether  be  poured  into  the 
palm  of  the  hand,  a  sensation  of  cold  is  produced.  This  is  due  to 
the  rapid  evaporation  of  the  ether  at  the  temperature  of  the  body ; 
the  heat  thus  absorbed  by  the  ether  is  received  from  the  hand,  de- 
creasing the  temperature  of  the  latter.     In  Fig.  303,  let  the  closed 
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Fig.  303.     Art.  625.  —  Vapor  Refrigeration. 

vessel  H  be  partly  filled  with  a  liquid  at  the  temperature  f,  having 
above  it  its  saturated  vapor.  Then  the  pressure  in  R  will  be  that 
at  which  the  boiling  point  of  the  liquid  is  t.  If  the  liquid  is  anhy- 
drous ammonia,  for  example,  and  t  =  08°  F.,/?  =  125.056  lb.  absolute. 
Let  some  of  the  liquid  pass  througli  J?  to  the  condensing  coil  -S,  in 
which  the  pressure  is  P,  less  than  p.  Its  heat  per  pound  tends  to 
change  from  A  to  ff;  since  h  exceeds  H^  a  certain  amount  of  liquid 
must  be  evaporated  in  £  to  reestablish  thermal  equilibrium ;  thus, 

h=ff-\-  XL,  or  X=  ^-=^. 


If,  now,  the  coil  £  be  immersed  in  water  at  a  temperature  higher 
than  its  own,  the  remaiuing  (1  —  X)  pounds  of  liquid  may  evapo- 
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rate ;  the  surrounding  water  will  be  cooled,  giving  up  teat  (1  —  X^L 
if  the  substance  in  the  coil  be  completely  eviiporated,  and  the  pres- 
Bure  in  5  be  kept  constantly  at  P,  by  artificially  removing  the  adileil 
vapor  from  B  as  rapidly  aa  it  is  formed.  The  substance  used  must 
be  one  having  a  low  boiling  point  even  under  heavy  pressure,  if  the 
surrounding  water  is  to  be  cooled  much  below  the  temperature  of 
the  air. 


—  Vapor  Comprussion 


626.  Action  of  Compressor.  In  Fig.  304,  A  represents  tlie  com- 
pressor, fi  till-  condenser.  0  the  raporizer,  and  D  the  expansion  valve. 
The  compressor  piston  first 
moves  upward,  drawing  in  vapor 
from  C.  On  the  return  stroke, 
the  valve  e  is  closed  (the  valves 
are,  in  practice,  built  in  the  com- 
pressor cylinder)  and  the  vapor 
is  compressed.  When  its  pres- 
sure equals  that  in  B,  the  valve 
f  is  opened,  and  discharge  oc- 
curs. The  valve/ is  now  closed 
and  D  is  opened,  the  pressure  falling  from  that  in  B  to  that  in  C 
Described  as  a  plaut  cycle,  vapor  is  compressed  along  cb.  Fig.  305, 
condensed  in  the  condenser  along  ba,  becoming  liquid  at  a,  and  ex- 
pands through  the  valve  i)  along  ad, 
its  pressure  falling  so  that  it  begins 
to  boil  violently.  Further  boiling 
gives  the  path  dc,  along  which  heat 
is  removed  from  tJie  vaporizer  C. 
Refrigeration  begins  at  d,  as  soon  as 
the  vapor  has  passed  the  expansion 
valve.  The  pipes  beyond  this  valve 
are  usually  covered  with  snow.  The 
vapor  process  always  involves  (1) 
the  condensation  of  the  vapor,  (2)  a  lowering  of  its  pressure  and 
temperature  by  expansion,  (3)  evaporation  of  the  liquid  in  the 
vaporizer,  and  (4)  compression  to  the  initial  state.  The  under- 
lying principles  are  two:    the  raising  of  the  boiling  point  by  pres- 
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sure,  and  the  ubyorption  of  heat  from  surrounding  bodies  during 
evaporation.  The  [luinp  luialogy  is  useful.  The  vairorizer  may  be 
likened  to  a  pit  or  well  in  whicli  a  fixed  water  level  is  to  be  main- 
tained ;  by  using  a  pump,  the  water  may  be  raised  to  a  level  at  which 
it  will  of  itself  flow  away.  The  "pump"  is  the  compressor,  which 
raises  the  low-temperature  heat  of  the  vaporizer  to  a  high-tempera- 
ture heat  which  can  flow  away  with  the  condensed  water.  The 
heat  absorbed  by  the  water  is  usually  valueless  for  further  service, 
us  its  temperature  seldom  exceeds  80°  F. 

Figure  30fi  repreaeute  a.  complete  plant. 
The  pipes  a,  h  correspond  to  those  siinilurlj 
lettered  in  Fig.  304.  Tha  vaporiier  maj 
be  merely  an  iiisulatod  room  to  be  cooled, 
resselof  water  or  brine  the  temperatur* 
of  which  is  to  be  lowered.  There  should  ba 
o  losa  of  liquid  in  operation  eiceptiog  by 
leakage. 

637.  Entropy  Diagram.  Figure 
307  shows  the  various  forms  of  en- 
.„  „  „  „  tropy  diagram,  according  as  the  sub- 
Vapor  Betclgorntlon,  Entropy  Dia-  stance  is  Wet  {dcba,  dffffa}  dry 
B™""-  idjhfa\  or  superheated   ii/k(fa)  as 

it  leaves  the  vaporiser.  These  are  based  on  adiabatic  paths.  The 
actual  operation  is  not  a  perfect  Clausius  cycle.  During  expansion 
the  condition  is  one  of  constant  total 
iieat,  giving  such  a  path  as  axd.  Fig. 
308.  This  decreases  the  useful  re- 
frigerating effect  area  to  ydjz-  Com- 
pression may  be  made  more  economical 
than  adiabatic,  as  in  air  compressors, 
Ijy  jacketing  or  spraying  with  oil  or 
■  other  liquid;  tlie  compressive  path  may 
then  be,  say,  j'b,  decreasing  the  work  ex- 
penditure to  axdjl),  without  altering  the 
refrigerating  effect.  The  path  Jh,  if 
represented  exponentially,  will  show  a  value  of  n  ' 
J/  for  the  vapor  in  question.  An  actual  indicator 
vapor  compressor  la  given  in  Fig.  309. 
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628.  Coefficient  of  Performance.  For  the  cycle  dcha  of  Fig.  807, 
in  which  the  vapor  at  no  state  becomes  superheated,  maximum  heat 
removed  from  the  vaporizer  is,  say, 
xL  Heat  is  returned  to  it,  however, 
along  orf,*  the  liquid  being  lowered 
in  temperature,  to  the  extent  JST—  A. 
The  net  refrigerating  efifect  is 

°  °  FiQ.  309.      Art.  G27.  —  Ammonia  Com- 

0^=^x1  —  Cff —  A).  pressor  Indicator  Diagram. 

The  heat  delivered  to  the  condenser  is  XLy  and  the  work  done  is 

The  coefficient  of  performance  is  then 

^=  (xZ-  ir+  A)  -*-  (XL  +  iT-  A -ai). 

Formulas  may  readily  be  derived  for  the  coefficient  when  the  vapor 
becomes  superheated  during  compression  or  even  before  compression 
begins. 

629.  Multi-stage  Operation:  Superheat.  A  gain  is  possible  by  compress- 
ing in  two  or  more  stages.  This  gives  an  entropy  diagram  like  that  of  Fig.  309  a. 
Fig.  307  shows  that  the  highest  coefficient  of  performance  is  attained  when  the 

^  vapor    remains    saturated    (wet    or    dry), 

throughout  the  cycle.    Comparing  the  cycles 
abed  and  afegd,  for  example,  the  added  re- 
frigeration effect  cgnm  is  gained  at  the  cost 
of  the  proportionately  greater  expenditure 
of  external  work  cgefh.     Superheating  may 
be  prevented  by  keeping  the  vapor  always 
sufficiently  wet  at  the  beginning   of  com- 
pression, or  by  cooling  during  compression 
so  as  to  avoid  the  adiabatic  path,  as  de- 
scribed in  Art.  198.      "Dry"    compression 
(in   which   superheating    occurs)    involves 
.^    the  use  of  jackets  to  permit  of  lubrication. 
Wet  compression  is  far  more   frequently 
practiced.      Heat     interchanges     with     the 
cylinder    walls    probably    justify    a    sUght 
amount  of  superheating  at  the   end   of  compression,  just  sufficient  to  ensure  the 
absence  of  hquid  at  the  beginning  of  the  following  suction  stroke. 


Fio.  301)0.    Art.  629.  —  Two-stage 
Compression. 


•  In  this  ideal  case,  no  cooling  occurs  between  the  condenser  and  the  expansion 
valve  or  between  the  expansion  valve  and  the  vaporizer. 
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630.  Choice  of  Liquid.    The  entropy  diagram,  Fig.  307,  shows  clearly 

one  consideration  which  shoiilt]  influence  the  choice  of  a  working;  fluid. 
The  net  refrigerating  effect  is  rediieed  by  the  area  under  da,  as  explaiued 
in  Art.  627.  The  steeper  this  line,  the  leas  the  reduction;  the  lon^r  Iho 
iine  dc,  the  ^eater  ia  the  refrigerating  effect.  .Steepness  of  the  line  da 
means  a  loiv  apecijic  heat  of  liquid;  a  long  line  dc  means  a  high  latent  hral.  . 
The  best  fluids  for  refrigeration  are  therefon-  those  in  which  the  latio  of 
latent  heat  to  specific  heat  of  liquid  is  large.  From  this  standpoint,  ammonia 
is  among  the  most  efficient  of  the  vapors  used.  With  earbon  dioxid^ 
the  area  under  da  forms  a  large  deduction  from  the  gross  refrigeratiiig 
effect 

631.  Fluids  Used.  Tlie  vapors  used  for  refrigeration  ioclude  sulphuric  etiier, 
sulphur  dioxiilu,  metliylic  ether,  aiiiiDoiLia,  carbon  liiuxide,  ethyl  chloride,  PicUt 
fluid  (a  mixture  of  carbon  dioxide  and  sulphur  dioxide),  und  ateaui.  The  TipW 
clioseu  must  not  be  too  uxpenaire,  and  it  must  not  exert  a  detrtjuetital  infiueiioe un 
the  mnchinery.  Ethei,once  cominouly  employed,  is  quite  coatly;  its  spec i tie  vol uim 
is  so  great  that  the  machines  were  exceasivaly  bulky.  The  inward  leakage  of  Uf 
resulting  froni  the  extremely  low  pressurea  necessary  often  heated  the  eomprtsMf . 
cylinder.  Snlphnr  dioxide  unites  with  water  to  form  sulphurous  aeid,  which  rapidly 
corrodes  the  cylioiler  when  anj'muisbure  enters  the  system.  The  Pictet  fluid  has Iwen 
used  only  by  its  inventor.  Carbon  dioxide,  though  inefficient,  has  been  eomnwN 
cially  satisfactory  excepting  where  its  low  critiral  temperature  (Art.  378)  wU 
objectionable.  Ammonia  is  the  fluid  pnncipally  employed,  especially  in  tins  couotiy; 
the  only  serious  objection  to  il  aeema  to  be  the  presence  of  occaaionaj  traces  at 
moisture.  It  costs  20  to  25  cenls  per  pound.  The  ordinary  animonia  of  com- 
merce is  a  weak  aqueous  aolulion  of  the  gas,  HiN.  The  ammonia  employed  in  refrig- 
erating machines  is  the  nearly  pure  anhydrous  liijuetied  gas,  which  has  an  inlensely 
irritating  and  dangerous  odor.    It  boils  at  —26°  F.  at  atmosoheric  pressure. 

Nitrous  oxide,  NjO,  has  been  lately  introduced  for  refrigeration  at  very  low 
temperatures  (around  —100°  F.).  At  such  temperalm«B,  NHj  nnd  SO;  would  have 
to  be  worked  at  high  vacua,  while  CO,  would  solidify.  The  boiling  point  of  N(0 
at  atmospheric  pressure  is  below  330'  F.  abriolute.  Its  preasure-tempersiurc  curv« 
lies  between  those  of  ammonia  and  of  the  more  "  permanent  "  gases.  A  table  of 
its  properties  is  given  by  Planck,  Zeits.f.d.geiiamt»U:K6iU!-lnduslrif,Oi:t.,  Nov.,  1911. 


632.  Comparisons.     It 

the  effects  following  the  u 
assign c<l  temperature  limji 
in  which  the  vapor  is  dry 
pression,  abcde,  Fig.  309  6. 


IS  intoreeting  to  compare^ 
r  of  various  fluids  between 
).  Let  the  cycle  be  oM 
at  llie  beginning  of  ooia- 
We  have' 


Q^atfg-aabk  =  L,-{ht-ha). 


g  =  gaba^f'-gabh+hbci +{a^ 
'h-h,+L,-t-HT4-T<^. 
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The  value  of  T^ia  TJ--^\      ,  where  y  is  the  adiabatic  exponent    The  value 
of  I:  is  variable ;  but  we  have 

^^og*jr  =  ».  -  He  or  A; log  T^  -  ifclog  T,=  (n,  -  v,)  -  2.3, 


in  which  TV,  T^y 

n„  and  ric  are  known. 

The  following  are 

specimen  result 

tables,  pp.  247,  248, 422,  424)  : 

NHa 

SOo 

HoO 

T, 

64.4°  F. 

64.4'^  F, 

116^  F. 

T. 

5°F. 

5°F. 

32°  F. 

Lc 

520.22 

153.81 

1038 

L. 

582.1 

169.745 

1060 

h 

36.86 

10.44 

84 

K 

-  25.63 

-8.449 

0 

P  =P, 

117.42 

44.537 

1.5 

P.^Pa 

33.667 

11.736 

0.0886 

Ta 

175°  F. 

159^  F. 

484^  F. 

k 

0.70 

0.2023 

0.493 

»• 

1.20 

0.3478 

2.1832 

w« 

1.065 

0.3140 

1.9412 

y 

1.33 

1.272 

1.298 

9 

659.91 

191.8 

1303 

Q 

519.61 

150.86 

976 

W 

77.81 

22.05 

243 

Q^W 

6.68 

0.82 

4.02 

633.  Capacity.  The  common  basis  for  ratiiiLj  refrigerating  machines 
is  in  totts  of  ice- melting  effect  per  24  hr.  The  **  ice-melting"  effect  is  a  con- 
ventional term  denoting  the  performance  of  14 J  B,  t.  u.  of  )\fri{feration, 
(The  latent  heat  of  fusion  of  ice  is  more  nearly  143^  W.  t.  u.)  Ix»t  Q  be 
the  heat  removed  from  the  vaporizer  per  cubic  foot  of  fluid  measured  at 
its  maximum  volume  during  the  cycle  ;  then  the  tonnage  per  cubic  foot  is, 

theoretically, 

r=Q-.(142x2000). 

Let  D  be  the  piston  displacement,  per  24  hr.,  in  cubic  feet ;  then  the  "  rat- 
ing "  of  the  machine  is 

«  =  Z)r=Z)Q^  284000. 

In  practice,  this  does  not  exactly  hold,  because  the  vapor  is  superheated 
by  the  cylinder  walls  during  the  suction  stroke,  its  density  being  thus 
decreased  below  that  of  the  saturated  vapor.  The  reduction  of  capacity 
due  to  this  superheating  may  be  represented  by  the  empirical  expression 
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0.04p-T-P,  in  which  p  is  the  pressure  in  the  condenser,  and  P  that  atthe 
vaporizer.     The  actual  tonnage  is  then 


(  1 -0. 04^^ />(?4- 284000. 


634.  Economy.  A  practical  unit  of  economy  is  the  pounds  of  ice-melt- 
i7ig  effect  per  pound  of  coal  hurued  in  the  boiler  which  drives  the  com- 
pressor engine.  The  refrigerating  effect  per  cubic  foot  of  fluid  is,  if  we 
ignore  self -evaporation  (Art.  625), 


(l-0.04|jg; 


the  work  done  in  the  compressor  cylinder  is  (q  —  Q)',  that  in  the  engine 
cylinder  is  C(q—  Q),  in  which  C  is  the  reciprocal  of  the  combined  mechani- 
cal efficiency  of  engine  and  compressor,  ranging  from  1.15  to  1.25  for  direct 
connected  uilits.  The  foot-pounds  of  refrigerating  effect  per  foot-pound 
of  indicated  work  in  the  engine  cylinder  are  then 


(l-OM^\Q^CXq-Q). 


The  ice-melting  effect  per  horse  power  hour  is  then 

1980000 


142  X  778 


^l-0.04|)Q-hC(g-e). 


If,  as  in  ordinary  average  practice,  three  pounds  of  coal  are  used  per 

Ihp.-hr.,  the  ice-melting  effect  per  pound  of  coal  is 

1980000_  A  _  ^  ^^  p  ^ 
142  X  3  X  778  V  P  ^ 

635.   Cooling  Water.   The  heat  absorbed  by  the  condenser  per  cubic  foot 

of  piston  displacement  is 

'l_0.04^^g. 

The  number  of  pounds  of  water  recpiired  per  24  hr.  to  absorb  this  heat, 
assuming  the  temperature  rise  of  the  water  to  be  30°,  is 

A -0.04  >' "j  Z>(/ -5- 30. 

The  gallons  of  water  necessary  per  minute  for  each  ton  of  "rating"  (as 
detincnl  in  Art.  G33)  then  become, 

Yl.O  -  0.04  Vyjfj-irfsO  X  60  X  24  X  8  Al-J-j/'l  -  0.04^^  QD 


-f-A42x 


2000^. 
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This  is  about  one  gallon  for  the  given  range  of  water  temperature ;  the 
usual  range,  however,  is  only  about  15®. 

636.  Size  of  Compressor.  If  the  fluid  at  the  beginning  of  compression 
be  just  dry,  aud  v  be  the  specific  volume  and  M  the  weight  of  this  dry 
vapor  circulated  per  minute,  the  total  volume  displaced  per  minute  is  Mv; 
if  -iV  be  the  number  of  single  strokes  per  minute,  the  piston  displacement 
per  single  stroke  of  a  double-acting  compressor  must  be  D^Mv-^-N, 
This  must  be  increased  for  superheating,  as  in  Art.  633,  the  displace- 
ment becoming 

and  must  be  further  corrected  for  clearance,  as  in  Art.  233.  A  small 
additional  increase  is  made  in  practice^  to  allow  for  the  presence  of  air 
and  moisture,  etc. 

637.  Compressor  Design.  The  refrigerating  effect  being  assigned,  the  noiv 
nial  (un refrigerated)  vaporizer  temperature  aud  the  possible  condeuser  tempera- 
ture are  ascertained.  These  determine  the  cyclic  limits.  The  type  (single-  or 
double-acting)  and  rotative  speed  of  the  compressor  are  then  fixed.  The  refriger- 
ating effect  per  pound  of  fluid  under  the  assumed  temperature  conditions  is  now 
computed,  and  the  necessary  weight  of  fluid  determined.  The  piston  displace- 
ment may  then  be  calculated  and  the  power  consumption  and  cooling  water  supply 
ascertained. 

In  most  vapor  computations,  the  specific  volume  of  the  liquid  may  be  ignored. 
This  does  not  hold  with  carbon  dioxide,  which  is  worked  so  near  its  critical  tem- 
perature that  the  specific  volume  of  the  liquid  closely  approaches  that  of  the  vapor. 
The  losses  in  the  vapor  compressor  are  similar  in  nature,  though  opposite  in  effect, 
to  those  in  the  steam  engine  cylinder.  The  transfer  of  heat  between  cylinder  walls 
and  working  fluid  causes  the  most  serious  loss ;  it  is  to  be  overcome  in  the  same 
ways  as  are  employed  in  steam  engine  practice. 

638.  Steam  Compressors.  In  these,  the  working  fluid  is  water,  injected  at 
ordinary  temperature  into  a  vacuum  chaml)er.  A  portion  of  the  water  vaporises, 
absorbing  heat  from  the  rHmaind«»r  and  thus  chilling  it.  The  vapor  is  then  slightly 
compressed,  condensed,  and  pumped  away  or  back  to  the  vai)orizer.  The  principle 
of  action  is  the  same  as  that  of  any  vaj^or  machine,  but  the  pressure  throughout 
is  less  than  that  of  the  atmosphere.  The  temjxirature  cannot  be  lowered  below 
32^  F.  (Art.  632). 

639.  Ammonia  Absorption  Machine.  This  was  invented  by  Carr^.  The 
theory  has  been  presented  by  Ledoux  aiid  others  (5);  numerous  develop- 
ments of  the  original  Carrd  apparatus  have  been  described  by  Wallis- 
Tayler  (6).  Instead  of  using  the  mechanical  force  exerted  by  a  compressor 
to  raise  the  temperature  of  the  fluid  emerging  from  the  vaporizer,  this 
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elevation  of  temperature  is  produced  by  the  application  of  external  hat 
from  fuel  or  ateam  eoila  in  what  is  called  tiii>  genei'ittor.  The  fluid  then 
passes  to  the  condenser,  and  through  an  expansion  valve  to  the  vaporiwr. 
It  cannot  be  returned  directly  to  the  generator,  because  the  pressure  there 
exceeds  that  in  the  vaporizer.  An  intermediate  clement,  called  the 
absorber,  is  used.  The  operation  depends  upon  the  well-known  fact  that 
water  has  the  power  of  dissolving  large  volumes  of  volatile  vapors;  at 
59°  F.,  it  dissolves  727  times  its  own  volume  of  ammonia*  This  solu-  \ 
tion  produces  an  exothermic  reaction;  heat  is  evolved,  amounting  to 
about  926  B,  t.  u.  per  pound  of  water.f  "  The  mechanical  force  which  , 
draws  the  vapor  from  the  vaporizer  in  the  coniiiressJon  system  is  here  re- 
placed by  the  affinity  of  water  for  ammonia  vajwr;  aud  the  mechanical 
force  required  for  compressing  the  vapor  is  replaced  by  the  heat  of  the 
generator,  which  severs  this  affinity  and  sets  the  vapor  at  liberty  "  (Kent). 
Aintnonia  is  among  the  most  soluble  of  the  substances  considered;  other 
vapors  may,  however,  be  used  (J). 

640.  Arrangiemeiit  of  Apparatus.  The  absorption  apparatus  is  shown 
in  outline  in  Fig.  310,  At  A  is  the  generator,  containing  a  strong  solutioa 
of  ammonia  in  water  and  suitably  heated.  The  heat  liberates  ammonia 
gas,  which  passes  through  the  pipe  a  to  the  condenser  li.  From  this  the 
liquefied  araraonia  passes  out  at  ii  and  ia  expanded  through  the  valve  h, 
taking  up  heat  from  the  vaporizer  (J,  as  in  the  compression  system.  The 
absorber  iJ  is  a  vessel  containing  water  or  a  weak  solntion  of  ammonia  in 
water.  ThesoUitiod  of  vapor  in  tbia  water  produces  a  suction  which  con- 
tinually draws  vapor  over  from  C  to  D.  The  solubility  of  amni 
water  decreases  as  the  temperature  increases,  so  tJiiit  the  evolution  of  beat  ' 
in  the  absorber  must  be  counteracted  by  jiicketing  that  vessel  with  watitf  j 

*  The  absorption  increases  aa  the  temperature  devreasea  and  as  the  preannt  S 


f  Generally,  the  heat  evolved  per  pound  of  wuter  is  (9277ii  — t42xo')  B.  uu,,  wlieK  I 
LB  tlie  proportion  of  NHj  to  watur,  by  weight. 

t  Thi*  Ijoiliiig  puint  of  the  solution  is  less  than  that  of  water  at  tliesaoie  preaBum.4 
Vhen  I  ia  the  proportion  by  weight  of  NH,,  Uie  amount  of  such  reduction  ia  in  dcg.  F^ 

5.58a- 0.0sesa'+0.00059]a', 

1  which  "  =  TTjJoin 7(Kb;-     ^'"'  approximate  density  of  the  solution  is  (wat«r>l)   I 

The  partial  vupor  pressure  due  to  the  steam  is  approxioiatelj 


/l7O0-17OCtt\ 
pressure  of  pure  steaiu  at  the  generator  temperature. 


J 
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Fio.  310.    Arts.  640,  642. — Ammonia  Absorption  Apparatus. 

or  installing  water  coils  in  the  solution.  The  waste  water  from  the  con- 
denser may  be  used  for  this  cooling.  The  more  concentrated  portion  of 
the  liquid  in  D  is  now  pumped  through  /  to  A^  while  the  weaker  solution 
is  drawn  off  from  the  bottom  of  A  and  returned  to  the  top  of  D  through  d. 
A  coil  heater  at  E  provides  for  the  interchange  of  heat,  thus  warming  the 
liquid  entering  A  and  cooling  that  entering  /),  as  is  to  be  desired. 

641.  Cycle.  From  the  condenser  to  the  vaporizer,  the  operation  is 
identical  with  that  in  a  compression  plant.  The  absorber  and  generator 
replace  the  compressor.  The  rise  in  pressure  occurs  between  the  pump  / 
and  the  generator  outlet  a.  In  Fig.  311,  B  may  be  taken  as  the  state  of 
the  gas  entering  the  condenser,  in  which  it  is  liquefied  along  BA,  Ex- 
pansion reduces  its  pressure,  giving 
the  path  AJ,  In  passing  through  the 
vaporizer,  the  liquid  is  evaporated 
along  JC.  It  cannot  be  returned  di- 
rectly to  the  generator;  nor  can  it 
advantageously  be  returned  by  pump- 
ing, because  very  little  solution  would 
occur  at  the  high  temperature  main- 
tained in  the  generator.  It  is  there- 
fore absorbed  by  water  in  2),  Fig.  310, 
at  a  pressui*e  nearly  equal  to  that  in 
C,  and  transferred  to  the  generator, 
where  its  pressure  rises,  as  along  CBy  Fig.  311.  From  C  to  JB,  the  vapor 
is  in  solution;  but  its  pressure  and  temperature  are  increased  by  the 
application  of  heat,  just  as  in  compression  machines  they  are  increased  at 
the  expenditure  of  external  work.  The  cycle  is  the  same  as  that  of  the 
compressive  apparatus. 

642.  Comparison  of  Systems.     The  temperature  attained  at  B,  Fig.  311,  is 
practically  the  same  as  in  dry  compressive  systems ;  it  is  7^^  =  T'ctf  — 5  J  -p  =  TA  —5  J 


Fig.  ail.    Arts.  (>»1.  W2.  —  Absorption 

Cyrle. 


472  APPLIED  THERMODYNAMICS  ^^| 

for  ammonia  (y  =  1.33).  The  refrigeration  ]ier  pouod  of  pure  dry  vapor  i» 
Q  -  (\  -  X)L,  as  with  the  e<impresaor.  Ide.-iUy,  tlie  Jieat  evolved  in  the  nhaorhfr 
should  lie  approsiiiiatelj  anfficient  to  evnpurate  Llie  solution  Id  the  geneniLur 
Actually,  this  lieat  Ls  largely  lost,  on  account  of  tlie  necessity  of  cooling  the  hI>- 
sorber.  Assuming  that  all  the  Ht«>im  consumed  by  the  pumps  is  nfierivtinl  ecn- 
ployed  in  the  generatoi',  tim  heat  coiisuuiptiou  of  the  absorption  apinrntua  iiicluilo 
the  following  four  items: 

R,  that  necessary  to  evaporate  the  cold  wuter  draiiieil  back  froin  a  pnrtjoii  nt 
the  condenser  tubes ; 

E,  that  necessary  to  raise  the  temperature  of  the  solution  entpriiig  the  geoerv 
tor  to  that  of  saturation  ; 

S,  that  necessary  to  distill  the  ammonia  in  the  generator  (hil^nt  heat  plus  heat 
of  decomposition) ; 

W,  necessary  to  raise  the  temiierature  of  the  vapor  dnriiig  superhentitig. 

Symbolically,  H=W+S+E+R.  Items  K  and  R  may  be  regarded  as  ofl- 
aet  by  the  friction  looses  in  the  compressor  system.  We  rri.iy  then  put  H=  W  +  H 
in  the  absorption  system.  "  A  rough  comparison  of  the  two  systems  is  iis  follow*: 
At  a  suction  pressure  of  about  34  lb.  absolute,  at  which  the  rajxnixer  teiiipetatura 
is  5°  (with  ammonia),  a  good  non-condensing  stJ.-am  engine  will  cnniiuma  heat 
amounting  to  alioiit  (»IJII  B.  t.  u.  per  pound  of  ammonia  circulated,  the  coudenwr 
temperature  being  Hj".  Under  the  same  conditions,  the  absorption  ruochine  will 
consume  about  72  B.  t.  u.  in  raiding  the  temperature  and  alioiit  897  B.  t.  u.  in  dia- 
tilhng  the  ammonia;  whence  tf  =  72-|-8{t7  =  !)69.  The  two  machines  are  tl;us 
equal  in  economy  for  a  suction  pressure  of  3-t  lb,"  Aa  tlic  vaporiMcr  teiiii>eratu.c 
falU  below  5°,  the  economy  of  the  abmrption  system,  though  reduced,  bocoiQr» 
better  than  that  of  a  compressor  with  a  Don-condeusing  enfEine.  The  revtrsp  i« 
the  case  when  the  vaporizer  temperature  risea.  CoraiwrL-d  with  condensing  cncLsn 
ilriven  compressors,  the  economy  ia  about  equal  for  the  two  typca  when  the  vaporii^  ' 
room  temperature  is  zero.  Where  a  low  back-prersure  is  required,  as  in  ice-making^ 
the  absorption  system  Is  thermodynaniicnlly  auperior.  The  absorption  By8l«m 
requires  about  the  same  total  amount  of  cooling  water  as  is  needed  in  a  compreB> 
sion  ayHtam  oiwrated  by  a  ctmiiermiiig  steam  en^e. 

A  fairly  satisfactory  computation  of  the  heat  bnlnnce  prtaented  by  Spongier 
(5)  is  as  follows:  Lei  alrom  ol  So  lb.  atteoluU  pretnun;  0,f>  dry,  Im  »iif)pltoi  Jar  hrat' 
ing  Ike  grntmtor  of  a  lo-imi  machii\r  {ti-havr  aelual  mjiacilv).  Tlie  coniienmr  Irm- 
perature  U  SO''  F.,  that  of  the  eaporitcrU  10' F.and  Ihat  nf  thr  ahaorber  i»  kepi  at  100'  A". 
The  genfralor  xotulion  coiilaifiii  SS  jier  rent  of  Nllt,  tlie  aimorber  hMx  ii  IS  per  ce?)( 
toliitiaH.     All  cooling  imler  n'w^/rooi  60°  to  SI)"  in  trmprmluri: 

The  tpmperainre  in  B  (Fig.  310)  being  80°,  the  ammonia  pivsstjre  (page  488) 
is  154.7.  The  sl^am  pressure  at  thiii  temperature  is  negligible.  .Since  the  pasngft 
between  .4  and  B  is  open,  the  pressure  in  A  will  be  the  same  ad  that  in  B — 154.7  lb.; 
the  vapor  being  somewhat  Ruperheatod  in  A. 

The  solution  in  vt  is  0.25  NHj.  If  it  were  pure  water,  its  temperature  would 
at  the  given  pressure  be  360.9°  F.     The  third  foot^notf'  to  Art.  640  gives 


180000X0,2.'; 


35.1,  lempcratnrc  nxluctio 


=  15.58X35.4)-(0.0868X35.4*) 

+(0.000591  X35.4')  -115'  F^ 


ABSORPTION  APPARATUS  473 

80  that  the  boiling  point  of  the  solution  is  360.9-115=246°  F.  At  this  tempera- 
ture, the  pressure  of  saturated  steam  lb  27.8  lb. ;  the  partial  steam  pressure  in  the 
generator  is  then  (Art.  640) 


-'-ms) -^-»>- 


and  the  partial  pressure  of  NHs  is  154.7—20.5  =  134.2  lb. 

The  pressure  in  C  and  D  is  that  corresponding  with  the  temperature  (10®  F.) 
in  C;  37.9  lb. 

Each  cubic  foot  of  vapor  leaving  the  generator  consists  of  1  cu.  ft.  of  superheated 
steam  at  20.5  lb.  pressure  and  246**  F.,  and  1  cu.  ft.  of  superheated  NH3  at  134.2  lb. 
pressure  and  246**  F.  The  density  of  the  steam  is  found  to  be  0.0495.  That  of  the 
ammonia  (Art.  403)  is  about  0.3088. 

Any  Vapor  condensing  between  A  and  B  is  not  allowed  to  enter  B,  but  lb  separately 
drawn  off  through  a  rectifier ^  as  shown  in  Fig.  310,  and  drained  back  to  the  generator. 
If  this  condensation  were  not  removed,  the  NHj  absorbetl  by  the  water  formed 
would  be  carried  to  the  absorber.  The  temperature  at  the  rectifier  will  be  slightly 
above  that  at  the  condenser,  say  85**  F.  The  density  of  water  vapor  at  thip  tem- 
perature is  0.00183.  The  ammonia  has  now  been  brought  to  a  pressiure  of  154.7  lb. 
and  a  temperatiu-e  of  85°,  at  which  it*?  specific  volume  (Art.  403)  is,  nearly,  2.09 
cu.  ft.  Itfl  actual  volume  is  0.3088X2.09=0.641  cu.  ft.  It  contains  0.641  x6.0O183 
=0.0012  lb.  of  water.  The  rectifier  has  then  removed  0.0495-0.0012=0.0483  lb. 
of  water. 

The  condensed  water  absorbs  some  of  the  ammonia  vapor.  Under  the  pressure 
of  154.7  lb.  and  at  85°  F.,  1  lb.  of  water  absorbs  2.36  lb.  of  NH,.  The  weight  of 
NHt  absorbed  is  then  0.0483X2.36=0.114  lb.  The  quantity  of  NH,  passing 
on  to  the  condenser  is  consequently  0.3088—0.114=0.1948  lb.,  accompanied  by 
0.W12  lb.  of  steam. 

Upon  condensation  in  B,  the  0.0012  lb.  of  water  absorbs  0.0012X2.33=0.0028 
lb.  of  NHt,  and  must  be  drained  back  to  the  generator.  The  anhydrous  hquid 
NHs  leaving  the  condenser  now  amounts  to  0.1948-0.0028=0.192  lb. 

The  pimip  must  handle  a  suflBcient  amount  of  strong  liquor  from  D,  and  the 
generator  must  return  a  sufficient  amount  of  weak  hquor  to  D,  to  cause  a  decrease 
in  strength  of  solution  from  25  per  cent  to  12  per  cent.  When  the  pump  draws 
off  100  parts  of  solution,  containing  25  of  ammonia,  the  generator  must  return 
100  parts,  containing  12  of  ammonia .  The  weight  of  ammonia  decreases  25  — 12  =  13, 
and  the  weight  of  solution  increases  13,  or  from  75  to  75+13=88.  The  quantity 
of  strong  liquor  that  must  be  handled  per  pound  of  ammonia  is  then  1 J  =6.77  lb., 
and  that  of  weak  liquor  is  6.77-1.0  =  5.77  lb. 

The  pump  must  handle  6.77X0.192  =  1.3  lb.  of  strong  hquor,  and  the  generator 
must  return  5.77X0.192  =  1.108  lb.  of  weak  hquor,  per  cubic  foot  of  NH3  discharged 
from  the  generator. 

In  passing  the  valve  A,  the  pressure  falls  from  154.7  lb.  to  thdt  corresponding 
^ith  the  temperature  10°  F.  —37.9  lb.,  and  there  will  be  vaporized 

the  remaining  liquid,  0.192-0.028=0.164  lb.,  being  evaporated  at  C. 
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Heat  Computation.  In  the  rectifier^  0.0495  lb.  of  Hfi  at  20.5  lb.  pressure  and 
246**  F.  is  reduced  to  85**  F.  and  saturation  (0.59  lb.  pressure).  Of  this  amount 
0.0483  lb.  is  condensed.  The  heat  given  up  is  {0.0495A;(7'-0  =0.0495  X0.48X 
(246-85)  =5.5;? B.  t.  u.}  +  {0.04831^=0.0483X1044=50.5 B.  t.  u.}  Besides  this, 
0.3088  lb.  of  NHi  at  134.2  lb.  pressure  and  246**  F.  is  reduced  to  85**  F.  and  154.7 
lb.  pressure;  of  which  weight,  0.114  lb.  is  absorbed  by  the  water.  The  ammonia 
gives  up  in  cooling  0.3088X0.508  *  (246-85)  =;85.1  B.  t.  u.  The  absorption  of 
^^t  evolves 

»•«'='{»«  (s)  -«(kS)'/  -  »■■»{«'-  '«(.^) } 

^67.6  B.  t.  u.     (Art.  640). 

In  the  condenser^  0.0012  lb.  of  water  is  reduced  from  85°  to  80®  and  condensed, 
givmg  up  0.0012  {(0.48X5) +  1047}  =-1.26  B.  t.  u.  Also,  0.1948  lb.  of  ammonia 
is  cooled  from  85°  to  80°  (0.1948X0.508X5=0.5  B.  t.u.)  and  0.0028  lb.  is  ab- 
sorbed by  water  (o.0028  1 927-142  (?^^t|)  }  =^.^  B.  t.  a.)  .       The    remaining 

0.192  lb.  of  ammonia  is  now  condensed,  giving  up  0.192Lao =0.192X499.4=55,5 
B.  t.  u. 

At  the  expansion  valve  and  vaporizer,  0.192  lb.  NHi  is  converted  from  liquid 
at  80°  to  dry  vapor  at  10°,  absorbing  0.192  (/iio-//8o+Iao)=0.192(-30-55  +  585) 
^96  B.  t.  u. 

In  the  absorber,  0.192  lb.  NHi  is  raised  in  temperature  from  10°  to  100°  (0.192X 
0.508X90=5.75  B.  t.  u.);  this  is  absorbed  so  as  to  raise  the  strength  from  12  to 
25  per  cent.     The  heat  evolved  is  (Art.  640), 

(927jo  — 142xo*)  B.  t.  u.  per  lb.  of  water, 

where  To  =  proi)ortion  of  NHg  to  water.  This  gives,  for  an  increase  of  strength  from 
A  io  B  (percentage  of  total),  per  pound  of  ammonia,  a  heat  evolution  of 


^2"-142(io^5+io5b)^- *•"•'. 


which  for  our  conditions  gives 

0.192  /  927-142  (i|  +  ^^^)  }  ^mS  B.  t.  u., 

as  the  heat  liberated  by  sohition. 

The  gimcrntor  must  raise  the  temperature  of  0.192  lb.  NHs  from  100°  to  246° 
and  reduce  the  strength  from  25  to  12  per  cent.  In  raising  the  temperature, 
(0.192X0.508X146)  =  i^.:^  B.  t.  u.  are  employed.  In  the  partial  distillation,  the 
same  amount  of  heat  is  consumed  as  wjis  liberated  at  the  absorber,  viz.,  164-3  B.  t.  u 
Besides  this,  the  cenerator  raises  the  temperature  of  the  0.0483  lb.  of  water  (received 
from  the  rectifier)  from  85°  to  saturation,  evaporates  it  and  raises  its  temperature 

♦  Art.  403. 
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to  246'.  This  requires  0.0483  {A».,- Aw +L».i +0.48(246 -fjo.»}  =0.0483(197.45 
-53.02+059.15+(0.48X16.7)}  =55.75  B.  t.  u.  In  addition,  the  0.114  lb.  of  NHj 
received  with  the  water  from  the  rectifier  must  be  heated  to  246°,  and  distilled  off. 
This  requires  0.114X0.508X161  ^9.3  B.  t.  u.  for  the  former  operation  and 

0.114(927-142  (^^)  }  =67.6  B.  t.  u.  for  the  latter. 

The  condenser  also  returns  to  the  generator  0.0012  lb.  of  water  and  0.0028  lb. 
of  NHs,  both  at  80**  F.  The  heat  necessary  to  handle  these  amounts  in  the  same 
way  as  the  rectifier  drainage  is 

0.0012 {197.45 -48.03 +959.15+ (0.48X16.7)}  =-1.33  B.  t.  u.  (water); 
0.0028X0.508X161  =0.S3  B.  t.  u.  (to  superheat  the  ammonia); 

0.0028 1  927-142  (g^^jf)  }  =^.^  B.  t.  u.  (to  distil  the  ammonia). 

At  the  pumpy  1.3  lb.  of  strong  liquor  must  be  raised  in  pressure  from  37.9  lb.  to 
154.7  lb.  The  absolute  density  of  the  25  per  cent  solution  being  56.9  (see  Art.  640), 
the  work  of  the  pump  is 

1.3      144(154.7-37.9) 
56:9>^ 778 "^'^  ^'  ^' ""' 

Summary:  In  the  rectifier,  there  were  lost  3.82+50.5+25.1=79.42  B.  t.  u. 
Adding  the  heat  contributed  by  the  absorbed  ammonia,  67.6,  we  have  147.02  B.  t.  u. 
as  the  net  expenditure  of  heat  at  that  point. 

At  the  condenser,  there  were  losses  of  1.26+0.5+1.67+95.9=99.33  B.  t.  u. 
At  the  vaporizer,  the  fluid  received  96  B.  t.  u. 

At  the  absorber,  absorption  caused  a  loss  of  164.3  B.  t.  u.  but  the  heat  added 
to  the  ammonia  consumed  8.75  B.  t.  u.,  so  that  only  155.55  B.  t.  u.  were  rejected 
to  the  cooling  water. 

At  the  generator,  the  supply  of  heat  was  14.2  +  164.3+53.75+9.3+67.5+1.33 
+0.23+1.67  =  312.28  B.  t.  u. 

Total  Heat  Received.  Total  Heat  Accounted  for. 

Generator,     312.28  Rectifier,  147.02 

Pump,  0.5  Condenser,  99.33 

Vaporiser,        96.0  Absorber,  155.55 


408.78  401.90 

Unaccounted  for,       6.88 


408.78 


The  error  in  the  heat  balance  is  thus  about  1}  per  cent. 

For  a  15  ton  machine,  the  effect  required  at  the  vaporizer  is  15X20(X)X142 
=•4,260,000  B.  t,  u.  per  24  hours.  The  generator  effect  necessary  per  minute  is 
then 

4^260^-312^ 
24X60  ^"96 »650B.t.u, 
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Each  pound  at  ateum  coiitribuiing  0.91=0.9x938.9=845  B.  L  u.,  the  waghl 
of  Bteani  ncedeil  per  minute  Js  Wa'^^H-^  lb.  A  total  efiecl  of  401.9  B.  t.  u,  ii 
produced  by  cooling  water  ptr  !W  B.  I.  u.  ot  refrigeration.  The  wd^t  of  wala 
required  pei  minute  is  then 

643.  steam  Absorption  Hacbines.     A  water-vapor  machine  ot   the  class  d* 
scribed  in  Art.  It.tS  may  diH[>eii.se  with  the  compreEsor,  Ibe  steam  being  absorbed 
by  and  generated  front  Bolutions  tn  Eulphuric  acid.     This  form  of  apparatus  ' 
been  in  use  tor  at  least  a  century,  having  been  suceessEully  developed  by  Carrf  Kitd 
others  (8). 

Details  asd  Comweucial  Standards 

644.  Direct  Expansion.     When  the  refrigerating  fluid  is  itself  circis 

lated  in  the  room  oi'  tliroticli  the  material  to  be  cooled,  the  system  is  thiA 
of  direct  expansion.  While  simple  auil  ecouomical,  there  are  objectio 
this  type  of  plant.  The  least  movement  of  the  expansion  valve  changeti 
the  lower  pressure  and  temperature,  and  consequently  the  temperature  ot 
the  room  to  be  cooled.  The  introduction  of  a  substance  like  ammonia  il 
often  considered  too  hazardouti  in  rooms  where  valuable  materials  like 
furs  would  be  damaged  by  any  leakage. 

645.  Brine  Circulation.  By  expanding  the  i«frigerating  fluid  in  coils  il»^ 
mersed  in  some  harmleas  liquid,  like  salt  water,  the  former  may  be  kept  whol^ 
within  the  power  plant ;  the  cooled  water  is  then  circulated  through  the  n 
he  refrigerated  by  means  of  a  pump.  The  operation  is  wuBlefnt,  becaiiiw  it  ifr 
volres  an  irreversible  rise  in  temperature  between  working  fluid  and  brine,  but 
is  often  preferred  for  the  reasons  given.  The  brine  serves  as  a  "fly  wheel  fof 
heat,"  smoothing  out  the  variations  in  temperature  which  occur  with  direct  exp 
sion;  but  a  secondary  circulating  system  is  more  expensive  in  installation  a 
operation.  In  addition  to  the  usual  apparatus,  there  must  be  supplied  a  brine  taj 
which  now  becomes  the  vaporizer,  coils  within  the  brine  tank,  and  a  brine  pm 
The  cooling  coiLs  in  the  refrigerated  room,  and  tlje  piping  thereto,  mnst  be  a 
plied  as  in  direct  expansion  ;  they  are,  however,  rather  less  expen»ve. 

646.  Fluids.  Salt  brine  is  commonly  used  rather  than  water, 
freezing  point  ot  the  former  rimy  be  as  low  as  —  n"  F.  This  fluid  is  detriment 
to  cast-iron  flttiugs,  and  these  are  ordinarily  made  extra  heavy  when  used  fo 
brine  circulation.  Chloride  of  calcium  in  solution  "  permila  of  a  wtill  lower  teia* 
peraturc;  it  may  sohdify  at  as  low  a  temperature  as  —51°  F.  A  solution  of 
slum  chloride  is  oceasionully  used.  Salt  brine  cannot  be  left  in  the  sy<itera  afUrf- 
the  circulation  ceases,  as  the  salt  settles  out  and  the  frcciing  point  is  raised 

*  A  study  of  the  specific  lieats  of  some  calcium  chloride  solutions  is  coiiL 
the  BuUetin  o/the  Bureau  i^f  StandanU,  0,  3, 
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647.  Brine  Circiilatioii  Plant.  Figure  312  shows  a  complete  plant.  In  opera, 
tion,  the  compressor  is  first  started,  drawing  the  air  out  of  the  pij>e  coils.  A  drum 
of  anhydrous  annnonia  is  placed  at  i>,  and  the  contents  alloweil  to  run  into  the 
liquid  receiver  through  the  valve  (.'.  The  expansion  valve  D  is  then  opened  and 
liquid  ammonia  passes  through  to  the  brine  tank.  The  valves  A  and  /*are  kept 
open  until  the  odor  of  ammonia  is  evident  They  are  then  closed,  the  valve  L  is 
opened,  and  the  water  turned  on  at  the  condenser.  The  compressed  vapor  is  now 
liquefied  in  the  condenser,  its  temj>erature  falling  within  20'^  of  that  of  the  cool- 
ing water  in  usual  practice.  The  brine  pump  G  is  started,  circulating  the  chilled 
brine  through  the  refrigerated  room  //,  and  the  speed  of  the  compressor  is  in- 
creased until  the  temperature  of  the  fluid  in  the  brine  tank  is  about  20°  below 
the  required  temperature  in  //.  Ammonia  is  supplied  at  C  until  the  level  in  the 
receiver  remains  constant.  The  supply  is  then  cut  off.  At  the  beginning  of  the 
operation,  all  of  the  ammonia  will  be  evaporated  in  /i\  and  the  va{K)r  will  be  highly 
superheated  during  compression.  As  the  brine  is  chilled,  the  temperature  of  the 
discharged  vapor  falls,  and  frost  forms  on  the  outside  of  the  pipe  /,  gradually 
approaching  the  compressor.  If  the  supply  of  fresh  liquid  Ls  stopped  at  this  jKiint, 
superheating  will  continue  to  occur,  producing  **dry'*  compression.  In  **wet" 
compression,  the  compressor  inlet  becomes  heavily  frosted  and  the  outlet  pipe  is 
sufficiently  cool  to  be  touched  by  the  hand.  With  adequate  jacketing,  etc.,  the 
dry  system  may  be  in  practice  as  economical  as  the  wet  (Art.  629),  but  additional 
care  is  necessary  to  avoid  leakage  at  the  stuffing  boxes.  A  direct  expansion  system 
has  already  been  shown  in  Fig.  300. 

648.  Indirect  Refrigeration.  In  some  cases,  neither  brine  circulating  coils 
nor  direct  expansion  coils  are  used  in  the  cooling  room,  but  air  is  blown  over  a 
bank  of  coils  and  thence  through  ducts  to  the  room.  This  constitiites  itnlirect 
refrigeration,  providing  ventilation  as  well  as  cooling.  In  direct  refrigeration, 
provision  is  sometimes  made  for  drawing  oif  fonl  air  by  vertical  flues.  In  certain 
applications,  arrangements  arc  made  for  washing  or  filtering  and  drying  the  air 
supply  introduced. 

649.  Abattoirs,  Packing  Houses.  Refrigeration  here  plays  an  im[>ortant  part. 
Either  direct  expansion  or  brine  circulation  may  be  employed,  the  coils  being 
located  along  the  side  walls  near  the  ceiling,  or  susjHMided  from  the  ceiling,  if 
head  room  will  permit.  The  latter  is  the  better  arrangement.  Moisture  from 
the  atmosphere  of  the  room  rapi<ily  condenses  on  the  outside  of  the  pipes,  and 
provision  must  be  made  for  removal  of  the  drip.  The  atmosphere  of  the  room 
rapidly  becomes  dry. 

650.  Cold  Storage.  For  preserving  vegetables,  fruits,  poultry,  eggs,  butter, 
milk,  cheese,  fish,  meats,  etc.,  either  in  j^>ermanent  storage  or  during  transporta- 
tion, mechanical  refrigeration  has  been  widely  applied.  Temperatures  of  from 
25°  to  40°  F.  are  usually  niaintainetl.  the  temperature  being  lowered  gradually. 
Some  substances  k(»ep  l»est  when  actually  frozen.  Mechanically  cooled  refrigera- 
tor cars  have  U^en  descriln^d  by  Miller  (0).  For  all  storage-room  applications, 
the  fundamental  principles  underlying  the  computation  of  the  amount  and  dis- 
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tribution  of  coil  surface  are  precisely  those  employed  in  the  design  of  heating  and 
ventilating  systems.  Reference  should  be  made  to  tlie  works  of  Siebel  (10)  and 
Wallis-Tayler  (11).  The  thorough  insulation  of  the  rooms  and  of  the  conduct- 
ing pipes  is  of  much  importance. 

651.  Other  Applications.  Mechanical  refrigeration  is  universally  employed  in 
breweries,  for  cooling  of  the  cellars  and  the  wort,  as  well  as  for  cooling  during 
fermentation  (attemperator  system)  (12).  It  is  popular  in  marine  service,  where 
the  space  occupied  by  stored  ice,  and  its  shrinkage,  would  be  serious  items  of 
expense.  It  is  applied  in  candy  factories,  for  cooling  chocolate;  in  candle  and 
paraffin  works  and  linseed-oil  refineries  for  precipitating  out  solid  waxes  from 
mixtures;  in  dairies  for  cooling  the  milk;  in  tea  warehouses,  dynamite  factories, 
in  the  manufacture  of  photographic  dry  plates,  in  wine  cellars,  soda-water  estab- 
lishments, sugar  refineries,  chemical  works,  glue  factories,  and  for  the  winter  stor- 
age of  furs.  The  losses  experienced  in  marine  transportation  of  cattle  on  the  hoof 
have  been  greatly  reduced  by  cooling  the  space  between  decks.  Refrigeration  has 
also  l>een  used  for  congealing  quicksand  during  excavation  and  tunneling  opera- 
tions in  loose  soil. 

A  recent  application  is  in  the  formation  of  indoor  skating  ponds.  These  are 
frozen  by  direct  expansion  through  submerged  coils.  A  fresh  surface  is  frozen 
on  whenever  necessary,  and  this  is  kept  smooth  by  the  use  of  a  planing  machine. 
Pipe-line  refrigeration  from  central  stations  is  l>eing  practiced  in  at  least  nine 
American  cities;  the  present  status  of  this  public  service  has  been  studied  by 
Hart  (13). 

652.  Ice  Making.  This  is  one  of  the  most  important  applications.  The 
manufacture  of  ice  may  be  carried  on  as  an  adjunct  to  the  ordinary  operation  of 
any  refrigerating  plant.  The  product  is  from  an  hygienic  standpoint  immeasur- 
ably superior  to  the  usual  natural  ice.  In  practice,  three  systems  are  used:  the 
plate,  the  stationary  cell,  and  the  can,  the  last  being  of  most  importance. 

653.  Plate  System.  Large,  shallow,  hollow,  rectangular  boxes  are  immersed  in 
a  tank  containing  the  water  to  be  frozen,  dividing  the  body  of  water  into  narrow 
sections,  corresj)onding  to  the  "  plates  "  of  ice  to  be  formed.  Through  the  hollow 
boxes,  a  solution  of  chilled  brine  circulates ;  in  some  cases,  however,  this  brine  is 
quiescent,  being  chilled  by  coils  immersed  in  it,  in  which  coils  brine  from  the 
compressor  plant  circulates.  A  "  plate  "  14  in.  thick  may  be  produced  in  from 
9  to  14  days.  The  plates  when  formed  are  loosened  by  circulating  warm  brine  for 
a  few  moments,  and  are  then  hoisted  out  by  cranes. 

654.  Stationary  Cell  System.  A  large  numl)er  of  approximately  cubical 
tanks,  with  hollow  walls  and  bottoms,  are  set  in  a  frame.  Brine  is  circulated 
through  the  walls.  A  "cake"  of  ice  is  gradually  formed  within  the  tanks.  This 
is  loosened  in  the  same  manner  as  plate  ice. 

655.  Clear  Ice.  Much  diffienlty  has  Im^pu  exj>erienced  in  securing  a  product 
free  from  the  characteristic  porous,  granular   structure.     A  clear   ice  has  been 
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found  to  be  most  probable  wlien  the  temperature  of  the  operation  is  not  too  )uw, 
when  iVie  water  is  aptated  diiriug  cooling.  niiU  when  the  hiyers  are  lliin,  asicllie 
[ilate  system  or  with  shallow,  atatioiiarv  cells.  To  provide  I  htise  i-oiiditions  luiullf 
involves  delay,  trouble,  or  expeiwe.  The  clear  ice  of  t\w  present  da;  is  prn- 
duced  by  the  use  of  tlixlilled  irater.  This  may  be  obtained  by  condonfting  Ita 
eshaust  from  the  compressor  enginp,  or  by  usitig  Ihnt  exhanst  in  an  crapontH  lo 
distill  in  vacuo  a  fresh  supply  of  water.  Tiaces  of  cylinder  oil  must  in  the  formBT 
uase  be  thoroughly  eliminated,  and  the  wutisr  carefully  filtered, 

656.  Can  System.  Tlie  use  of  distilled  water  from  the  engine  exhaait  ia 
portable  cans  is  at  present  standard  practice.  The  cans,  of  plain  galvanized  inia, 
stand  in  a  tank  containing  a  circulating  solution  of  hriue,  the  temperature  beiug 
somewhat  below  '62".  Blocks  of  3U0  lb.  weight  are  produced  in  from  .'H)  lo  OU  lir. 
—  about  one  fourth  the  time  usually  required  with  the  plate  systein.  The  ii 
loosened  by  lowering  the  cans  for  a  moment  in  warm  water.  The  various  wastM 
of  water,  when  the  condensation  from  tlie  engine  is  employed,  reijuire  that  ll* 
amount  fed  the  boiler  shall  be  aliout  33  per  cent  in  excess  of  the  amount  of  " 
be  made.  A  highly  economical  steam  engine  is  thus  undesirable.  ■'  The  ca 
tern  requires  about  one  fourth  the  floor  area  and  one  twelftli  the  cubical  apaoe  tlxl 
are  needed  by  the  plat«  Nystem  for  the  t%anie  output,  while  it  is  about  fonrti 
as  rapid,  and  uosta  initially  abinit  2T)  per  cent  less." 

In  a  system  recently  introduced,  large  hollow  cylinders,  llirougb  which  aniinonli 
circulates,  are  revolved  in  a  freezing  tank.  A  thin  film  of  ice  forms  on  tlieo 
of  the  cylinders,  and  is  scraped  off  by  knives  and  pumped  in  slushy  condition  to  ! 
hydraulic  press,  where  it  is  formed  into  cakes.  The  process  is  continuous  and  i 
quires  little  labor.  The  clearness  of  the  ice  depends  npon  the  pressure  to  whii 
it  is  subjected. 

657.  Details.  The  pressure  range  is  usually  from  lllflto  151b.  gauge  appnnfi 
mately.  The  brine  may  be  ordinary  salt  brine,  consisting  of  3  lb.  of  medial 
ground  snlt  per  gallon  of  wat«r  (specific  heat  about  O.S),  or  calcium  chloride  brinq 
in  the  proportion  of  3  to  il  lb.  of  chloride  to  one  gallon,  or,  on  the  average,  at  kboo 
33°  Bi.,  weighing  13J  lb.  }«r  gallon  and  permitting  of  a  temperature  of  - 
The  specific  heat  of  tiiis  solution  is  about  0.9,  The  brine  must  be  jieriodicn)^ 
examined  with  a  saiiuometer.  The  ice-making  capacity  is  uoi  ihe  trnnr  as  the  fa 
melting  effect  described  in  Art  633.  To  produce  actual  ice,  the  water  niuat  i 
cooled  from  its  initial  temperature  to  tlie  freening  [loiiit,  while  the  ice  is  usiuJl[ 
formed  at  a  temperature  considerably  below  33".  Roughly  xpenking,  about  out 
half  ton  of  actual  ice  may  be  [nude  ]ier  ton  of  rated  ci^iacity.  The  productiv 
capacity  is  further  reduced  by  the  losses  attending  the  handling  of  the  ice. 

658.  Tonnage  Rating.     Tlie  ice-melting  effect  of  a  luaehine  work* 
iiig  between  the  pressures^  niiil  P  is,  from  Art.  (533, 

t  =  mfl-  0.0-4  -^)-0(l  -  X)L  +  (U2  x  2U00), 

in  wliicli  m  ia  the  density  of  the  vapor  at  the  suction  preasure. 
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Since  X  is  determined  by  p  and  P,  the  capacity  depends  directly 
upon  the  pressure  range  and  the  piston  disphicement.  The  Ameri- 
can Society  of  Mechanical  Engineers  (14)  has  standardized  these 
pressures  by  assigning  90°  and  0°  F.  as  the  corresponding  tempera- 
ture limits.  This  makes  the  lowest  possible  room  temperature  about 
15°  F.  with  direct  expansion  and  about  25°  F.  with  brine  circulation. 
Lower  temperatures  are  frequently  required.  The  lower  of  the 
assigned  temperatures  also  fixes  the  value  of  m.  For  any  otlier 
pressures,  j,  C  at  the  state  Jtf",  z,  Z,  the  tonnage  capacity  would  be 

T^m{\ - 0.04  iWl -z)/-*.  (142  X  2000) ;  whence 


3i/l-0.04iVl-a:)Z 
^1-0.04  |j(l-X)i. 


^       m 


659.  Compresaor  Proportions.  The  builders  of  machinery  do  not  in  all 
cases  rate  their  machines  on  this  basis.  ^Many  of  them  merely  state  the 
piston  displacement  (which  may  range  from  6500  to  8700  cubic  inches  per 
minute  per  ton  of  nominal  capacity)  or  the  weight  of  vapor  circulated 
under  given  pressure  conditions.  Power  rates  usually  range  from  one  to 
two  horse  power  at  the  engine  per  ton  of  capacity;  piston  speeds  vary 
from  125  to  600  ft.  per  minute. 

660.  Tests.  A  standard  code  for  trials  of  refrigerating  machines 
is  under  consideration  by  a  committee  of  the  American  Society  of 
Mechanical  Engineers,  a  preliminary  report  having  already  been 
made  (15).  Results  of  tests  are  stated  in  ice-melting  effect  in  pounds 
per  pound  of  coal  or  per  indicated  horse  power  hour  at  the  compressor 
engine.  Where  the  coul  is  not  measured,  3  lb.  of  coal  per  hour  are 
often  assumed  to  be  equivalent  to  one  horse  power.  Let  a  be  the 
ice  melting  effect  per  indicated  horse  power :  tlien 

142  a  -^  (1980000  -*-  778)  =  0.0557  a 

is  the  efficiency  from  engine  cylinder  to  cooling  room.     Let  I  be  the 
ice-melting  effect  per  pound  of  coal  containing  14,000  B.  t.  u. ;  then 

142  6-^14000  =  0.01015  6 

is  the  efficiency  from  coal  to  cooling  room.     A  few  well-known  tests 
will  be  quoted. 


482 


APPUED  THERMODYNAMICS 


661.  Air  Hachlnea.   Ledoiix  quotes  teets  (IQ)  in  whicli  l\w  ice -ittul ting  eBMl 

[ler  ixiuiid  of  cdhI  was  frrrin  11. 0  to  3.1:^  Bt  3  Hi.  coal  [Mr  Ibp.;  the  efficienciea  (rmn 
coa)  t<j  cooling  room  lieing  respectively  only  {I.OiHll  nnd  O.dalO.  A  Bell-Colenmii 
machiue  at  Hamburg,  t«ate<I  by  Sclirdter  (I7J  gave  from  Sbi  to  371  calories  uf 
refrigerntiou  per  Ihp.-hr.,  tliB  efficiency  from  Uie  engine  to  coaling  room  being 
tiiere tore  from  0.551  lo  O.'iHO,  The  range  of  Wniperatures  was  very  low.  About 
half  tlie  i«DWPr  expuiided  in  the  compreaaor  in  ordinarily  recovered  iii  the  eijivt- 
sion  cylinder. 

662.  Compression  Machines.  MoBt  testa  have  been  made  vitb  a 
Ledoux  tabulates  (18)  ice-iiiaking  effects  per  pouud  of  coal  ranging  Irom 
9.86  to  46.29,  baaed  on  .'i  lb.  of  coal  per  horse  power;  the  corresponding 
efficiencies  being  from  0.10  to  0.469.  A  number  of  teata  by  SolirOter  gave 
from  19.1  to  37.4  lb.,  or  from  0.194  to  0.379  efficiency.  Shreve  and  Anderson 
obtained  21  lb.,  or  0.213  efficiency  (19).  Anderson  and  Page  (20)  obtaiiied 
18.261  lb.  of  ice-melting  effect  per  poimdof  coal  containing  12,229.6  B.t.u 
per  potind ;  or  65.79  lb.  per  Ihp.  The  efficiency  from  engine  to  refrigera- 
tion waa  3.65;  from  coal,  it  was  0.211.  The  pressure  range  waa  from 
28.88  to  132.01  lb.  absolute.  Denton  (21)  reported  23.37  lb.  of  iee-melv 
ing  effect  per  pound  of  coal  on  the  3  lb.  basia,  working  between  27.5  and 
161  lb.  pressure.  The  ice-melting  capacity  for  2-4  hr.  was  74.8  tona,  tho 
average  steam  cylinder  hoi-se  power,  85 ;  whence  the  engine  to  room  eft* 
ciency  was  (23.37  X  3  x  142)  -f- 2.545  =  3.92,  and  the  coal  to  room  efficiuncj' 
alwut  0.236.  Tlie  efficiency  from  coal  to  engine  cylinder  waa  then 
0.236 -s- 3.92  =  0.0602.  A  series  of  tests  by  Scbroter  (22)  gava  from  1674 
to  4444  calories  of  refrigeration  per  compressor  horse  (lOwer,  the  c 
spending  efficiencies  being  therefore  from  2.61  to  6.91;  ibe  engine  I 
room  efficiency  might  be  15  [wr  cent  less,  say  from  2.21  to  5.87,  A  Ph 
fluid  machine  (23)  gave  3507  calories  [Jer  horse  power  in  the  ste 
cylinder,  or  6,5  efficiency.  Tlie  reason  for  these  high  values,  exceedio 
unity,  has  been  stated  in  Art  621.  The  steam  engine  effideneies  i 
of  these  tests  exceeded  15  per  cent ;  it  did  not  average  much  over  5  jmI 
cent ;  an  average  efficiency  of  0.237  from  coal  to  room  corresponds  to  I 
coefficient  of  performance  of  about 

0.237-1-0.05=4.74  (neglecting  friction  of  mechanism). 
The  engine  to  room  efficiency  is  equal  to  the  actual  coefficient  of  perforoi 
ance  mnltiplied  by  the  mechanical  efficiency  of  engine  and  compressor. 

663.  Ammonia  Absorption  Machloea.  A(wnniiiig  an  evaporation  of  11.1  lb.  ol 
.water  from  .ind  at  212''  V.  ppr  pound  of  comhtistihle,  T.edonx  (24)  reports  k 
in  which  2(1.1  lb.  of  iui'-mfltitig  effect  wpre  produced  per  pound  of  coal,  the  t 
all  efficiency  being  thiw  0.201.  A  (teveinliiy  test  by  Uenton  (2.i)  cave  17.1  lb. 
baaed  on  10  lb.  of  steam  ]ier  pound  of  coal,  the  corresponding  efficiency  beiiij 
about  0.173.     The  pressure  range  was  from  23.4  to  150.77  lb.  absolute.    The  b 
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perature  range  was  from  272°  to  60°  F. ;  tlie  coefficient  of  performauco  (or  lU 
Caniot  cycle  would  have  been  2.83.  The  Gi[uivaleijt  efficiency  from  coal  to  com- 
pressor cylinder  in  a  conipressioci  inacliiiie  must  then  have  been  aC  least 

0.173  -i-  2.S3  =  0.0613  i 
or  from  coal  to  engine  cylinder,  about 

1.2  X  0.0012  =  0.0734*. 

664.  Conunerdal  Types.  CoiupreHsOTB  may  be  driven  directly  from  a  steafii 
cylinder,  oi'  by  belt.  Any  form  of  slow-speed  engine  may  be  used  for  drivieg; 
a  favorite  arrangement  is  to  have  the  strain  cylinder  horiiontal  and  the  amnioni* 
cylinder  vertical,  as  in  Fig.  313.  Tandem  or  cross-compound  engines  may  tw 
uiiwl,  The  ammonia  condenser  may  be  au  ordinary  surface  condenser,  or  an 
atmospheric  condenser  of  the  form  described  in  Art.  5S'i,  consisting  of  a  coil  ot 
exposed  pipes  over  which  streams  of  water  tricltle.  tti  other  tyjies,  the  ammouii 
coils  are  auliniergert  in  a  tank  of  circulating  water.  Cooling  towers  are  used 
where  there  is  an  inadequate  water  supply. 

(1)  Wallis-Tajler,flp/rii;Fra(ion,  CoidiS((ira(fe,oncJ/(r  jr.i;(((i/.l»oa,  (2)  Zenuer, 
Technical  Th-^rmodynamirg  (Klein  tr.),  I,  3M.  (3)  Op.  c«.  (4)  /V<.r.  Jntt.  XreX. 
Eng„  1881.  105;  1886,  201.  (5)  Ice-making  MacMtuti,  D.  Van  Noatrand  Co.,  1908; 
Spnngler,  Api^ted  Thcrmodyriamicg,  1910.  (6)  Op.  cU.,  p.  154  et  Mq.  (See  bIao  the 
paper  by  Ophuls,  in  f'ower,  Apr.  23,  1912.)  (7)  WaUin-Tsyler.  op.  cU.,  p.  25.  (8) 
WalliH-Taylcr,  op.  ciL,  pp.  24-^.  (9)  Sieiient  Indicator,  April,  1904;  fUtilrftai 
OaulU,  October  23,  1903.  (10)  CoiKpr-ml  of  Metkaaival  Itejngrration.  (11)  Op. 
cU.  (12)  Op,  CiL,  381.  (13)  Engineering  Magaane,  June,  I90S,  p.  412.  (14)  Tninf 
actiam,  liMH.  (1.1)  TTanmciioM,  XXVIII,  S,  1249.  (16)  Ire-iiutking  Machine*, 
1906,  Table  A.  (17)  Untennchungen  an  KaUemachinen,  1887.  (18)  Loc.  at.  (19) 
Wood.  Thrrmndynamics,  1906,  352.  (20)  Itnd.,  348.  (21)  7Vorw.  A.  S.  M.  E..  XIL 
(22)  PeaboUy,  Thermodunainica,  1907,  414.  (23)  Schrfiter,  Verg.  Vers,  an  Kalla- 
masfliincn.     (24)  Loc.  dl.     (25)  Tratm.  A.  S.  Af.  E.,  X. 

SYNOPSIS   OF  CHAPTER  XVin 

A  heat  cycle  may  be  Teversed,  the  heat  rejected  exceeding  that  absorbed  by  the  e 

leriial  work  done. 
The  Carnot  nycle  would  lead  to  a  bulky  machine.     Actual  air  niachinea  work  with  | 

rfgenerator  or  in  the  JmiU  cycle.     In  Ihia  latter,  the  low-temperature  heat  e 

tracted  from  the  body  to  be  ciKileil  is  mechanically  nused  in  temperature  bo  th 

It  way  be  carried  away  at  a  comparatlvelj  high  temperature.    The  meahanioA 

compression  may  occur  in  one  or  more  stages. 
The  Joule  cycle  is  boumli'd  by  two  constant  pressure  lines  and  two  like  polytrupicA 

If  the  latter  are  adiabntica, 

Tr=  MHTi.-  T,-  T,+  T,-),  5  =  .Vi(r,  -  T^),q  =  .W4(n-  TJ. 
The  ditplacemrnt  per  slroko  of  a  double-aclin«  corapresgor  is  MR  TV  -!-  2  .VP, ;  that  g 

the  engine  Is  MUTt-i^'iXFi;  the  two  displacements  ordinarily  have   the  Alt 

-li.    These  are  to  be  modified  for  clearance,  et£. 

Optti  ippe  air  machines  work  between  preBsures  of  14.7  and  TO  to  86  lb. ;  "  tienar  i 
machlneii"  between  OH  and  325  lb.,  using  closed  circulation  and,  in  some  case* 
regenerator. 
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CotffieieM  of  fttformantt  =  -ft ;  «»  "^^  usuaUy  exceeds  unity  ;  the  temperatom 
range  shtxild  be  low.   Valae  for  Joule  cvcle  = ^ — ■  = ' — ,  if  (Viths  an?  adi- 

abotic.  "         r.  -  r^     r»  -  n 

The  A>/riji  ^earmiug  machine  works  in  the  Joule  cycle  and  delivers  heat  proportional 

to  the  work  expended  in  the  ratio  — ^^^-rr  =  —  ^—^ »  which  may  greatly  exceed 
unity.  ^^ ""  ^*      ^*  ~  ^' 

The  rapor  compressiom  math»ne  uses  no  expansion  cylinder.  Refrigeration  retsults  from 
eyaporatlon,  but  is  reduced  by  the  exce^  lii^uid  heat  carrieil  to  the  cold  chamber. 

The  vaporizer  is  the  body  to  be  cooled  ;  the  <•o/l/^  M^t^r  removes  the  heal  to  be  rejected  ; 
the  compressor  mechanically  raises  the  temperature  without  the  addition  of  heat ; 
cooling  of  the  fluid  occurs  during  its  (xissage  through  the  axpansion  rti/rc. 

The  path  through  the  expansion  valve  is  one  of  constant  totid  heat ;  otherwise^  the 
cycle  is  ideally  that  of  Clansius. 

Q=^xl  —  iH-h),q  =  XL,  ir  =  A'L  +  if  -  A  -  W.  for  vapor  wet  throughout  com- 
pression. 

The  vapor  may  be  wet,  dry,  or  superheated  at  the  beginning  of  compression. 

The^ftiid  used  should  be  one  having  a  large  latent  heat  and  small  specitic  heat.     NH^, 
SOft  and  COj  are  those  principally  employeil.     N^O  is  used  for  very  low  tem- 
peratures. 
-r»         .-        .  1..         «        •  ^.1  Q  P^r  24  hours  ,  , 

Capacity  =  ice-melting  effect  ui  tons  per  24  hours  =      '      — ;— — — ,  corrected  for 

,  .  H— X2UUU 

superheating. 
Economy  =  ice-melting  effect  per  pound  of  cuil  per  Ihp.-hr. 
Calculations  of  economy,  capacity,  and  dimensions  must  include  the  corrective  factor 

(1-0.0*  p). 

The  absorption  machine  replaces  the  compresst^r  by  the  absorber  and   the  generator. 
For  low  vaporizer  temperatures  it  is  iheoretioiilly  superior  to  the  compression 
apparatus.     The  absorption  apparatus  should  give  an  ettioieuoy  etpiul  to  that  in  a 
non-condensing  engine-ilriveu  compressitm  system  when  the  vaporizer  tempera- 
ture is  5**,  and  to  that  in  a  condensing  engine  system  when  it  is  0°.     Computation 
of  heat  balance. 
Refrigeration  may  be  indirect,  by  direct  ejrpansion  or  by  brine  circulation. 
In  ice  making  the  can  system  is  more  rapid  and  occupies  less  space,  while  costing  less, 
than  the  stationar}'  cell  or  plate  system.     Clear  ice  is  prtxluced  by  using  distilled 
water  and  as  high  a  temperature  as  possible.     An  economical  compressor  engine 
is  unnecessary.    The  pressure  range  is  usually  from  80  to  20.")  lb.    The  actual  ice 
production  is  about  one  half  the  *'  ice-melting  capacity.*' 
The  A.  S.  AT.  E.  basis  for  rating  machines  is  at  temperatures  of  0 '  and  OO"^"  F. 
Vsusd  piston  displacements  are  from  6500  to  87<X)  cu.  in.  iwr  minute  per  ton  of  rated 
capacity  ;  engine  poicer  rates^  from  1  to  2  Ihp.  per  ton. 

Efficiency  from  engine  cylinder  to  cooling  room  =  0.0.'»57  x  ice-melting  effect  per 
Ihp.-hr. 

Efficiency  from  coal  to  cooling  room  =  0.01015  x  ice-melting  effect  per  pound  of  coal 
(14,000  B.  t.  u.). 

Usual  efficiencies  from  coal  to  cooling  room,  with  vapor  machines,  range  from  0.100  to 
0.469,  the  average  in  good  tests  being  about  0.287  ;  say  28 J  lb.  of  ice-melting  effect 
per  pound  of  coal.  Absorption  machines  have  not  shown  efficiencies  quite  as  high  ; 
those  of  air  machines  are  extremely  low. 
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PROBLEMS 

Note.  Oor  knowledge  of  the  properties  of  some  of  the  vapors  used  in  refrigeration 
Ib  for  from  accurate.  Any  general  conclusions  drawn  from  the  results  of  the  problems 
are  therefore  to  be  regarded  with  caution.    (See  Art.  402.) 

1.  Plot  to  scale  to  PF  coordinates  a  Camot  cycle  for  air  in  which  T—  W  F., 
(  =  0^  F.,  and  the  extreme  range  of  specific  volumes  is  fr<^m  1  to  4.  Compare  its  area 
with  that  of  the  Joule  cycle  between  the  same  volume  and  pressure  limits. 

S.  In  a  Bell-Coleman  machine  working  between  atmospheric  and  73.5  lb.  pressure, 
the  temperature  of  the  air  at  the  condenser  outlet  is  80~\  and  that  at  the  compressor 
inlet  is  0^.  Find  the  temperatures  after  expansion  and  after  compression,  the  curves 
following  the  law  PV^^  =  r. 

8.  Find  the  coefficient  of  performance  for  a  Bell-Coleman  machine  with  pressures 
and  temperatures  as  given  above^  but  with  compression  in  two  stages  and  intercool- 
ing  to  80^.  (The  intermediate  pressure  stage  to  be  determined  as  in  Art.  211.)  Com- 
pare with  that  of  the  single-stage  apparatus.  * 

4.  Compare  the  consumption  of  water  for  cooling  in  jackets  and  condenser  and 
for  intercooling,  in  the  two  cases  suggested.     (See  Art.  234.) 

5.  The  machine  in  Problem  2  is  to  handle  10,000  cu.  ft.  of  free  air  at  32^  F.  per 
hour.  Find  the  sizes  of  the  double-acting  expansion  and  compression  cylinders  ideally 
necessary  at  100 r. p.m.  and  400  ft.  per  minute  piston  sj>eeil.  Volumetric  efficiency  =0.7. 

6.  What  would  be  the  sizes  of  compressive  cylinders,  luider  these  conditions,  if 
compression  were  in  two  sta^jes? 

7.  Find  the  following:  cylinder  dimensions,  power  consumed,  coefficient  of  per- 
formance, and  cooling  water  consumption:  for  a  single-stage,  double-acting,  dense  air 
machine  at  00  r.  p.  m.,  300  ft.  -per  minute  piston  speed,  the  pressures  being  65  and  225 
lb.,  the  compressor  inlet  temperature  5°,  the  condenser  outlet  temperature  of  air  Wy\ 
and  the  circulating  water  rising  from  Go°  to  80^.  The  apparatus  is  to  make  J  ton  of 
ice  per  hour  from  water  at  65\     The  curves  follow  the  law  pv^-^=  c. 

8.  Find  the  theoretical  coefficient  of  performance  of  a  sulphur  dioxide  machine 
working  between  temperatures  of  04.4°  and  .V  P.,  the  condition  at  the  beginning  of 
compression  being,  (a)  dry,  (h)  60  per  cent  dry.  Also  (r)  if  the  substance  is  dry  at 
the  end  of  compression. 

9.  Check  all  values  in  Art.  632. 

10.  What  is  the  theoretical  ice-melting  capacity  of  the  machine  in  Problem  5  ? 

11.  Find  the  ice-melting  capacity  per  horse  power  hour  in  Problem  7. 

12.  Find  the  results  in  Problem  7  for  an  anunonia  machine  working  between  5°  and 
95®,  the  vapor  being  just  dry  at  the  en<l  of  atliabutic  compression.  How  do  the  coeffi- 
cients of  performance  in  the  two  cases  compare  with  those  of  the  corresponding  Caniot 
cycles? 

18.  What  is  the  loss  in  Problem  2,  if  a  brine  circulation  system  is  employed,  re- 
quiring that  the  temperature  at  the  compressor  inlet  be  —  25°  F.  ? 

*  The  formula  for  coefficient  of  perfonnance  of  the  Joule  cycle,  given  in  Art.  622, 
will  be  found  not  to  apply  when  the  paths  are  not  adiabatio. 
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14.  In  a  Kelvin  warming  machine,  the  temperature  limits  for  the  engine  are 
300^  F.  and  110°  F. ;  those  for  the  warming  cycle  are  150''  F.  and  60°  F.  Assume  that 
the  cycles  are  those  of  Camot,  and  introduce  reasonable  efficiency  ratios,  determining 
the  probable  efficiency  (referred  to  power  only)  of  the  entire  apparatus. 

16.  Compare  the  coefficient  of  performance  in  Problem  12  with  those  in  which  the 
vapor  is  (a)  80  per  cent  dry,  (6)  dry,  as  it  leaves  the  vaporizer. 

16.  Find  the  coefficient  of  performan<ie  in  Problem  15  (6)  if  the  compressive  path 
is  PV^-^  =  c.     (Compare  the  Pambour  cycle,  Art.  413.) 

17.  Compare  the  ratio  latent  heat ^^  ^o  ^^^^  34  40  p    ^a^.  632),  for 

specific  heat  of  liciuid 

ammonia,  carbon  dioxide,  and  sulphur  dioxide.    Draw  inferences. 

18.  Plot  on  the  entropy  diagram  in  Problem  12  the  path  of  the  substance  through 
the  expansion  valve,  determining  five  points. 

19.  Find  the  temperature  at  the  generator  discharge  of  an  ammonia  absorption 
machine,  the  li((uid  from  the  absorber  being  delivered  at  1 10°  F.  and  30  lb.  pressure, 
and  the  pressure  of  vapor  leaving  the  generator  being  108  lb. 

20.  An  ammonia  compression  apparatus  is  required  to  make  200  tons  of  ice  per 
24  hr.;  in  addition  it  mu.st  cool  1,000,000  cu.  ft  of  air  from  90°  to  40°  each  hour  by 
indirect  refrigeration.  Making  allowances  for  practical  imperfections,  find  the  tonnage 
rating,  cylinder  dimensions,  power  consumed,  cooling  water  consumption,  and  ice- 
melting  effect  per  Ihp.-hr.,  the  machine  being  double-acting,  70  r.  p.  m.,  500  ft.  per 
minute  piston  speed,  operating  between  33.67  and  198  lb.  pressure  with  vapor  dry  at 
the  end  of  adiabatic  compression,  water  being  available  at  65°.  Estimate  whether  the 
exhaust  steam  from  the  engine  will  provide  sufficient  water  for  ice  making. 

21.  Make  an  estimate  of  the  production  of  ice  per  pound  of  coal  in  a  good  plant 

22.  What  is  the  tonnage  rating  of  the  machine  in  Problem  20  on  the  A.S.M.E. 
basis  ? 

23.  Coal  containing  13,. 300  B.  t.  u.  per  pound  drives  a  simple  non-condensing 
engine  operating  an  amuKMiia  compression  apparatus.  The  ice-melting  effect  is  8 4  lb. 
per  Ihp.-hr.  at  the  eni^ine  cylinder.  The  coal  consumption  is  3  lb.  i>er  Ihp.-hr.,  and  tlic 
mechaniral  efficiency  of  tlie  combined  enurine  and  compressor  is  0.80.  Find  the  ice- 
melting  effect  per  pound  of  coal,  the  coefficient  of  i>erfonnance,  the  efficiency  from  fuel 
to  engine  cylinder,  and  the  etticiency  from  fuel  to  refrigeration.  May  this  last  exceed 
unity  ? 

24.  An  absorption  apparatus  gives  an  ice-melting  effect  of  1.8  lb.  per  pound  of 
dr>'  steam  at  27  lb.  pressure  from  feed  water  at  '>.')'  F.     Prove  that  this  performance 

may  be  excelled  by  a  compivssion  plant. 

25.  Find  a  relation  between  r,nTliri(>nt  of  performance  and  ice-melting  effect  per 
Ihp.-lir.  at  the  ci>mpressor  cylinder. 

26.  Find  the  tonnaize  on  the  A.S.M  H.  standani  basis  of  a  12  x  30  inch  double- 
acting  compressor  at  ''O  r.  p.  m..  usinsz  -^ij)  ammonia,  (h)  carbon  dioxide. 

27.  Find  tlie  A.S.M.E.  tonnaiie  ratinix  for  an  ammonia  absorption  apparatus  work- 
ing Ix'tween  :>o  and  l^J.S^i  lb.  pressure  with  lO.O^X)  lb.  of  dry  vapor  entering  the  gen- 
erator i>er  liour. 

28.  Check  all  derived  values  m  Art.  660  to  Art.  663. 


1  Art,  632  and  [n  Problem  8,  with 


n.  Compare  the  coefflcienu  ot  perfi 
those  of  the  correHpon<iiiig  CariiuL  cyoka. 

50.  Compute  tlie  value  ot  JTiu  Ar(.  058. 

51.  Compute  as  in  Art.  032  tl.c  rt'sulls  for  c&rbon  dioxide.     Whj  might  not  ether 
be  included  in  a  similar  compariBoii  ? 

SS.   Ether  at  Si''  F.  is  compresat'U  adiabatically  to  232°  ¥,,  becoming  wholly  liquid. 
What  was  its  initial  condition  ?    (Fig.  315.) 
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SS.    Discuss  variationa  with  tempcmtiirc  of  the  tiilnl  heal  of  ammonia,  sulphur 
dioxide,  carbon  dioxide.     (See  lablt'K.  pp.  422-124.) 

M.   Plot  a  total-heat  entropy  iliairren)  fur  carbon  dioxide. 

».   FM  the  nilo ?5!>lii«'J>!!^  T«™._!»tl«im™i r-rmlnul. ,„  ,j, ^  5. „. j. 

rilliHl  liinuagu 
temperature  limits,  with  vapor  dry  at  Ihc  be<,-i lining-  of  cotupretision,     (Art.  050.) 

86.   Find  a  general  ejcpressioii  for  the  copllicieiit  of  performance  in  the  Joule  cycle, 
the  paths  not  being  adialiaiic. 


ST.  Discuaa  the  i 
the  engine  driving  an 
is  to  be  made. 


till  (iciipral  desirability  of  iiRing  the  exhauHl  steam  from 
comiiressor,  to  distill  in  vacuo  the  water  from  which  ice 
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(Referrlog  to  Art.  NO0.) 


Absolute  humidity,  382c. 
Absolute  temperature,  152-156,  167. 
Absolute  xero,  44,  45,  156. 
Absorption  refrigerating  machine,  639-643. 
Accumulator,  541. 

Adiabatic.  83,  100-105,  168,  173,  176,  325. 
Adiabatic  expansion  of  steam,  372,  373, 
416,  431a,  432,  513,  615,  617-520. 
of  mixture,  382/,  3S2h. 
si>ecific  heat  variable,  329a. 
Adiabatics  of  vapors,  391-397. 
Afterburning,  325. 
Aftercooler,  208. 
Air.  Camot  cycle  for,  249. 
free,  233. 

moisture  in,  182,  208;  page  246. 
liquid,  246,  .355,  609-610. 
saturated,  382c. 
in  solutions,  591. 
specific  heat,  71,  72. 
Air  compressor,   193-212,  215,  216,  221- 

242,  540. 
Air  cooling  in  compressor,  199. 
Air  engine,  177,  180-192,  245,  254. 
Air  refrigerating  machine,   227,   612-620, 

661. 
Air-steam  mixture,  382c,  38?/,  382^7. 
Air  supply,  boiler  furnace,  560,  563-567, 
573,  575. 
gas  engine,  309. 
Air  thermometer,  41,  42,  48,  49,  152. 
Air  transmission,  243,  245. 
Alcohol  engine,  279,  280,  341. 
Alcohol  thermometer,  7. 
Altitude.  52a. 
Ammonia,   403,   606,   630-632,    640,    644. 

Table,  p.  486.  Fig.  316. 
Ammonia    absorption    machine,    639-043, 

663. 
Analysis  of  producer  gas,  28.5. 
Andrews*   critical  temperature,   379,   380, 

605,  607. 
Anthracite  coal.  560. 
Apparent  ratio  of  expansion,  450. 
Apparent  specific  heat.  61. 
Atkinson  gas  engine.  276,  296,  297. 
Atmosphere,  pressure  of,  52a. 
Atmospheric  condenser.  664. 
Atomic  heat,  59. 
Automatic  engine,  507. 


Automatic  ignition,  322. 
Automobile  engine,  335,  340,  348. 

self-starter,  351. 
Auxiliaries,  gas  producer,  281. 
Avogadro's  principle,  40,  53,  56. 

Back'pressure,  405a,  448.  459,  549A. 

Ballonet,  52a. 

Balloon,  52a. 

Barometric  condenser,  584. 

Barrel  calorimeter,  489. 

Bell-Coleman  refrigerating  machine,  613- 

620,  661. 
Bicycle,  motor,  340. 
Binary  vapor  engine,  483. 
Blading,  turbine,  530,  535. 
Blast  furnace  gas.  276.  278,  329,  353. 
Blowing  engine.  179,  211,  239. 
Boiler,  143.  566,  568-573. 
Boiler  efficiency,  569,  571-573. 
Boiler  horse-power,  570. 
Boiling  ];>oints  of  ammonia  solutions,  640. 
Boulvin's  method,  455,  456. 
Boyle's  law,  38,  39,  84. 
Brake  horse  power.  554. 
Brauer's  method,  117. 
Brayton  cycle.  299,  300,  302,  304. 
Brine,  646,  657. 
Brine  circulation,  645-647. 
British  thermal  unit,  22. 
Bucket,  512,  527-530. 

Calcium  chloride  brine,  646. 

Caloric  theory,  2.  131. 

Calorie,  23. 

Calorimeter,  488-494. 

Calorimeter  testing  of  steam  engine,  504, 

505.511. 
Capacity,   air  compressor,   222-229,   230- 
237. 

air  engine,  182,  183.  188,  190. 

air  refrigerating  machine.  616  618,  619. 

compound  steam  engine,  476-477. 

gas  engine.  277,  330. 

hot-air  engin^  248,  249.  275,  277. 

Otto-cycle  gas  engine.  293. 

steam  cycles,  418. 

steam  engine,  445,  447,  449. 

vapor  compressor,  633,  636,  637. 
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^H                 Carbon  dioxide.  379,   402.  e05-«08.  UM, 

Cii.prefflio.,,  rt*am  eiudne.  «1.  462.  M«. 

^H                            630-632.  637.  Fig-  314,  Table,  p.  4H7. 

Compressive  olfieiency,  213. 

^^^^                  Caiboa  mooonide,  ^5. 

^H                 Carbon  letrBc^bloride.  382A. 

242,  540. 

^^B                 Carbureted  air,  279. 

vapor.  624-638,  642.  658,  860.  (W3.  AH. 

^^H               Carburetor.  279.  3S2.  311).  338. 

Condcnimtioa  in  sMam  cylinder.  42S-I4J, 

^H               Cardinal  property,  lU,  76.  81,  8»,  160,  162. 

448,460. 

^H                           169.  170.  370,  399. 

Condenser,  496,  502.  584,  5S5,   591.  617, 

^H              Cariiot,  26.  13U. 

635.  mt. 

^H                Camot  cycle.  l^H-HU,  253.  461. 

Condenaiir  punipa.  584. 

^^H                   air  engine.  250. 

Conslanl.  dryness  curve.  360. 

^H                   entropy  diasrani,  159.  ISO. 

CoQStanl  beat  curve,  370,  388. 

^H                   for  air,  240. 

ConHlaoL  volume  curve,  .177. 

^^H                   far  HleDm.'406. 

Constant  weight  oiirve.  865. 

^H                      revened.  138.  612,  B21. 

^^H                  Camot  fimrUoQ.  155. 

Cooling  of  gat.  engine  cylinder,  312,  314- 

^^H               CascAdc  syatem.  608. 

318.  325. 

^^H                 CentiEmde  heat  unit,  23. 

Cr«.liiig  pond.  585. 

^^H                 Centigrade  themionieter.  8. 

Cooling  lower.  5SS.  664. 

^H               ChiUiRo  oF  state.  li>- 18. 

^^H                ChBT&etemlie   equutjuu,    10.   50.   84,   3(13. 

63S. 

^^M                        390.  401,  403.  404. 

^^H              Charaeteristic  snrTace.  84. 

Criterion  ol  rBve«ihillty.  139-141.  ]*4-14«. 

^^^H                CbarBCtoristif  si-mbols,  p.  xiii. 

^^B              Charics'  law.  41-49.  84. 

^^B              Cbiraoey.  57S. 

47S. 

^^m                CiicuUtiou  in  steam  l»Iler.  5(19. 

Cuitia  ateani  turbii».  534,  531.  S3T. 

^^H               Clapeymn'a  t^iumian.  UfiK. 

Cuxhion  air,  201!,  264. 

^^m                Hau^iis  cycle,  40!^.  410,  447.  514. 

Cushion  gl«ani,  45:1,  4fi7a,  575. 

^^B              Clausius  ratio,  12Tu. 

Cycle,  Caraol.  138-143.  353.  451. 

^H               Claaranee,  ISM. 

Cycle,  external  work.  89. 

(orma,  130. 

^H                       BDB  engine,  2S5,  313,  324. 

beat  ungiue.  129. 

^H                       Bteam  eueine,  4M,  451.  462,  471,  5491. 

heal  expended  ill.  90. 

regenerative,  259. 

^H               Clerk-H  gas  engine,  300,  303-305. 

reversed,  90, 

^^K               Closed  feed-water  bPatN.  581. 

^^B               Closed  hot-air  en^ne.  34tj,  275. 

176. 

^^K              Coat,  560.  578. 

fyeles,  air: 

^H               Coal  gas.  276,  278.  329. 

^B               Coefficient  of  peHormluee.  S21.  622.  628. 

airjenginc,  180-183. 
uirVefrigeralion,  613. 

^^H                 Coil  oalorimeUr,  4M). 

^H               Combined  diagriuiDi.  466-468.  47&-4T9. 

air  aysloBi,  21S-231. 

^H               CombuMion,   1276.  560.  561.  563-567,  560, 

Beli-ColemM,  615. 

^H                                  575. 

EriCBBOn,  270. 

^^B                  auHace.  569. 

hot-air  engine,  256, 

^^H              Coroplet*  preaaure  gu  engine  cyde.  300, 

Joule.  254,  255,  813,  623. 

^^H                         303-305. 

Loreni,  262. 

^^H                         610,  548n.  54Hb,  550. 

regetumitive  air  engine,  250. 

ReiUinger,  263.  259. 

Stirling.  264. 

^H                      itiiitiibuline  BVSK-ni,  212-221. 

CyelM.  gas,  276.  2S7-30S,  32Bo. 

^^H                   refrigeration  by.  2:27. 

Urayton,  290. 

^H                     storage  ej-stem.  1H5,  245. 

Clerk,  300,  303-306. 

compIeMf  pressure.  300,  :MW-305. 

^B                   luei.  177.  t7». 

Ul™.'].  306.  307,  3076. 

Frilb,  2966, 

^W                  air  engine.  189.  191. 

I-enoir.  298,  300,301.304. 

^H                  Camot  cycle.  132.  134. 

Ot(o.  276,  287-297.  300,  309-328.  329a, 

^H                     gal  GDgme.  276,  295,  297.  290,  312.  313. 

.^nrEi-nt.  295«, 

^^fc^^^       326,348. 

two^lmke.  2S9-S92.  329. 

INDEX 
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Cycles,  refrigerative: 

air  machine,  254,  255.  613.  615.  622. 

regenerative.  259.  610,  612. 

vapor  machine.  627. 
Cycles,  steam.  417,  418,  422-158.  544. 

binary,  483. 

Clausius.  408-410,  417,  447,  514. 

non-expansive,  412,  417,  423. 

Pambonr,  413,  417. 

Rankine,  411,  417,  424,  429,  447,  544. 

regenerative,  544. 

superheated,  414-418,  544. 

turbine,  514. 
Cylinder  condensation,  428-444,  447,  400. 
Cylinder  efficiency,  212,  215,  216,  229. 
Cylinder  feed,  453.  466. 
Cylinder  ratios,  474,  480,  543a.  549n. 
Cylinder  walls.  429,  431a,  432,  504,  505. 

vapor  compressor,  637. 

Dalton's  law,  40,  52b,  382/i. 

Davis'  method  for  determining  H,  360,  388. 

I>e  Laval  steam  turbine,   512,   524,  530, 

536. 
Dense  air  refrigerating  machine.  620. 
Design  of  compound  engine,  469-472. 
Desormes'  apparatus,  110. 
Development  of  steam  engine,  543a. 
Diagram,  coordinate,  81-127,  158. 
entropy,    158-160,    164,    166,    169-171, 
174,    184,    218-221.    255,    266,    295a. 
2956.    307,    347,    367,    376-378,    398, 
453-458.  615.  627. 
indicator,  437,  452,  454,  48&-487,  500, 

501. 
indicator,  gas  engine.  311. 
Mollier.  399.  516.  532. 
of  energy.  8&-90. 

temperature-entropy,  158-160,  164,  166, 
169-171,  174,  184,  218-221,  255,  266, 
295a.   2956,   307,   347,   367.   376^378. 
398,  453-458,  615,  627. 
total  heat  entropy,  399,  516,  532. 
total  heat-pressure,  399. 
velocity,  527-529,  534. 
Diagram  factor,  329,  334.  445.  466.  633. 
Diesel  engine.  306,  307,  3076. 
Difference  of  specific  heats,  65,  67.  77,  1 05. 
Diffusion  of  gases,  1276. 
Direct  expansion,  644. 
Disgregation  work.  3.   12,   15-17.  53.  ."^6. 

64.  75.  76,  78,  80,  359,  360. 
Dissipation  of  energy',  176. 
Dissipation  of  gases,  1276. 
Dissociation.  63.  1276.  318.  325. 
DistillaUon.  591-601. 
Distribution    of    work,    compound    steam 

cylinders,  469-472. 
Double-acting  engine,  423. 
Down-draft  furnace,  578. 
Draft,  560,  567.  570.  575-577.  582. 
Drop,  181.  436,  447,  465.  467.  468.  479. 


Dry  compression.  629,  647. 
Dry  vacuum  pump,  237,  584. 
Dryness  curve,  369. 
Duplex  compressor,  239. 
Duty,  503. 

Economizer,  282.  582. 
Effects  of  heat.  12-17. 
Efficiency,  air  engine.  180.  185.  190.  192. 
boiler.  569.  571-573. 

Brayton  cycle,  299. 

Camot  cycle.  135.  136.  142.  166. 

Clausius  cycle,  409. 

compressed  air  system.  212-217. 

compressive,  213. 

Diesel  engine,  307,  3076. 

Ericsson  engine.  248,  249,  269-273. 

Frith  engine,  2956. 

gas  engine,  295,  295a.  2956.  308a.  329a 
334.  342-346. 

gas  producer,  284-286. 

heat  engine.  12S,  142,  143.  149. 

Humphrey  pump,  308a. 

injector.  588,  590. 

Joule  air  engine,  235. 

Lenoir  cycle.  298.  301. 

mechanical.  212.  214.  216.  342,  345,  487. 
503,511,553-558. 

multiple-effect  evaporation,  599. 

non-expansive  cycle,  412. 

noEzle,  518. 

Otto  ga.s  engine,  295-297,  300.  329a. 

Pambour  cycle,  413.  417. 

plant.  503. 

Rankine  cycle,  411.  544. 

ratio.  544,  551. 

refrigerating    machine,    621,    622.    634 
642.  661-663. 

refrigerating  plant.  621.  622.  628. 

regenerative  steam  cycle.  544. 

Sargent  cycle,  295a. 

steam  engine,  496,  543a.  545-549o.  551. 

steam  turbmc,  526.  529.  552. 

Stirling  engine.  265.  267.  268. 

superheated  cycles.  415.  544. 

thermal,  342,  496. 

transmis-^ive,  212-216,  243.  244. 

volumetric,  222-229.  233. 
Ejector.  587. 
Electrical  ignition.  323. 
Electrical  resistance  pyrometer,  9. 
Electric  calorimeter,  494. 
Energ>'.  10,  12,  76-78.  81.  100.  109,   113. 

119-123,  359,  374.  375.  382rf. 
Engine,  air.  177.  180-192.  245. 

binar>'  vapor,  483. 

blowing,  179,  211.239. 

Clerk's.  300,  303-305. 

Diesel,  306-307,  3076. 

Frith,  2956. 

gas.  248.  276.  277,   287-308,  312.  313. 
324.  325.  329a.  :W0.  348. 
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^^1              Bngme.  heat.  128.  130,  132,  139.  142,  143. 

ExpBDBioD.  latent  heat  of.  68.  107. 

^^M                    hot-air.  248-275.  277. 

^^1                 inlemal  combufHiun,  24S,  27G.  277.  2S7- 

steoDi  cj'Iinder,  428-147.  430.  479,  4BS, 

^^H                     308. 3290. 

557. 

^H                 Joule.  235.  254. 

steam  turbine,  613.  615,  617. 

^^^1                 for  mixed  vapon.  3S2i. 

^^H                oil.  276,  279,  280.  299. 

Eiploaion  waves,  319.  325. 

^^^1                TotBiy  stcbiD.  177,  192. 

^^m                 SBrseot.  395<i. 

71.  72. 

^^H                  for  specita  vapors,  405a. 

Exlarnal  work,  M.  15,  86-90.  VS.  98,  121- 

^^H                    8t«un,  143.  408-419,  422-Gll.  S14,  fi43n, 

123,  160.  359.  374.  375. 

^^M                        650. 

Eitcmally  fired  Inilsr.  668. 

^^1                     turbine.  239.  512-542,  555. 

^^B                EaBiDeeriQg  vapors.  402. 

Factor,  heat.  170. 

^^M              Entropy,  10,  1S7-176. 

Factor  of  vtltxt.  123a. 

^^1                  formulas.  169. 

Factor  of  ovapomtiOD.  361.  367.  389.  BIZ 

^H                  gB»a.  160. 

Feed  pump.  686. 

^^H                    niitures,  1690.  382'r-382A. 

Figure  of  merit.  286. 

^^M                 vcci^c  beuu  vnrinblp,  32eb, 

Fire-tube  boiler.  568.  569. 

^^H                  uoita.  171. 

^^m             Entropy  diasram,  168,  174, 

128.  167.  505. 

^^■f                air  engine,  184, 

Filed  point,  6,  10.  18. 

^^M                   Bell-Coleniau  macliine.  615. 

Flame  propagalioD.  309.  310.  319,  320, 3U 

^^H                 Camot  cycle,  159.  IBS. 

Fl'iw,  cqualiuD  of.  522. 

ill  nosile,  618.  631-523. 

^^f                    DioBEl  engine-.  307,  3D7b. 

in  oriHcB.  533. 

^H                   Frith  cycle,  2C|5fi. 

Fluid  friction,  326,  342. 

^M                      ga»  euRine.  347. 

Forced  draft.  570.  577. 

^H                     Joule                 2ri.->. 

Formation  of  ataam.  364-3l>0,  306.  381, 3'«ll. 

^^H                  i^areeul  evi'li',  2(t5a. 

Free  air,  233. 

^^1                  Bpeciee  henis  of  gaws,  164. 

^^H                   Btcsni,  3H8. 

615.  517,  607,  010,  flia. 

^^H                 Eteam  cniiliie,  463-458. 

Freezing  mixtures,  15,  611. 

^^H                 steam  (nrn>utioD.  367.  376-378. 

Friction,  fluid.  320,  342,  518. 

^^M                 Stirliog  ODgi>.e,  260. 

in  Joules  experiment.  76,  127. 

^^^H                    vapor  retrineriitinii.  6:27, 

in  DO»lea,  518-520,  623. 

in  Blewn  engine,  664-S5S. 

in  turbine  bueltels,  527. 

^^B                        390,401,403,404. 

Frith  cycle,  2966. 

Fuel  oil,  380. 

^^M                        403,  404. 

FucU.  560.  561. 

^H                Equation  of  flov.  S22. 

Function,  Caroot's,  166. 

^^B              Equivalent  Bboplc  eneilie.  473. 

Fumaw  tor  eoft  ooal.  678. 

^^H              EncsBon  hot-air  engine,  270. 

Fusion,  602-604. 

^H                 Ether.  371,  372.  402.  483,  Oil.  631,  603. 

^H                     Fi«.  315. 

Gas,  coal.  276,  378.  329, 

^^P              EvBporalion,tae)orc.r,3HI.3Q7,  389,  572. 

liquefacUon  of,  605-610, 

^H                      iM^nt  heat  of.  3S0.  360. 

monatoraic.  l37o. 

^V                      rale  of,  SB9. 

BBlural.  270,  278,  329. 

^H                    iu  vacuo.  OSl-601. 

oil,  27a. 

^^m                Evaporative  coodimaer,  5S.5. 

pcrfcel.  39.  5(1.  51,  53.  58,  74,  80,  807. 

^H               Evaporator,  593.  595,  600.  601. 

^H               EihauHt  sae  heat.  346. 

polynlomii'.  127o,  1276. 

^^K               Exhaust  line,  gas  engine  diaerum.  326. 

producer,  27^  2S6.  312.  329. 

^^H               ExhnuBt  s(«am  iujedor,  G80. 

eteam,  357,  ,iiH),  391. 

^H               Fxhaust  sleam  turbine.  640,  641.  562. 

xratCT.  278,281,320. 

^H               EipaiiaioD.  constrained,  124. 

Gas  engine,  248,  276.  277.  287-308.  SOSo, 

^H                     direet.  644. 

312,  313.  334.  325,  329a.  330,  348. 

^H               Eipso'iion,  free.  73.  76,  79,  124-127,  6i:i. 

Clerlt'a,  300,  303-305. 

^^m                515. 617,  eo?,  610,  ai3. 

a>i»-eiigiaa  deagn,  830-336. 
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Gasoline.  279,  280. 

Gas  power,  276-353. 

Gas  producer,  276-286. 

Gas  producer  auxiliaries,  281. 

Gas  transmission,  276. 

Gas  turbine,  540. 

Gas-vapor  mixtures,  382!)-382i. 

Gases,  dissipation  of,  127a. 

diffusion  of,  127&. 
Gases,  kinetic  theory,  53-56,  80. 

mixtures  of,  52b. 

properties  of,  52,  63. 
Gay-Lussac's  law,  41-49. 
Goss  evaporator,  601. 
Governing,  air  compressor,  238. 

gas  engine,  290,  336-338.  348.  349. 

steam  engine.  462,  468,  478,  505a. 
Grptm-calorie,  23. 
Grate  area,  284.  569. 
Gravity  return  drip  system,  583. 
Guarantees,    steam    engine    performance, 

549o. 
Gunpowder,  123a. 


/r.  359,  360,  388. 

Heat  absorbed,   graphical  representation, 

106,  123,  167. 
Heat,  mechanical  theory,  2-5. 
Heat  balance,  345,  346,  496. 
Heat  of  combustion,  1276,  561a. 
Heat  consumption.  544. 
Heat  drop.  515-519. 
Heat    enfdne,    128,     130,     132.    139.    142, 

143. 
Heater,  feed-water,  580-582. 
Heat  factor,  170. 
Heat  of  formation,  561a. 
Heat  of  liquid,  359. 
Heat  unit,  20-23. 
Heat  value,  561,  561a. 
Heat  weight.  170,  172. 
Heating  surface,  569. 
High-speed  steam  engine,  434,  507. 
High  steam  pressure,  143,  444,  459,  462. 
Him,  32. 

Hirn's  analysis,  504,  505,  511. 
Hit-or-miss  governing,  349. 
Horse  power,  boiler,  570. 

brake,  554. 
Hot-air  engine,  248-275,  277. 
Hot-air  jacket,  439. 
Hot-tube  ignition,  322,  336,  337. 
Humidity.  382c. 
Humphrey  pump,  308a. 
Hydraulic  compressor,  241. 
Hydraulic  piston  compressor,  240. 
Hydrogen,  60,  355,  609. 

in  producer  gas,  284,  285,  312. 
Hygrometry,  382  c. 
Hyperbolic  curve,  444.  450,  479.  486. 
Hyperbolic  functions,  p.  71. 


Ice,  2,  85,  602-604. 

Ice  making,  652-657. 

Ice-me!ting  effect,  634. 

Ignition,  105a,  314-323,  325,  336,  337. 

Impulse  turbine,  524,  530-533,  536-538. 

Incomplete  expansion,  181,  436,  447,  465, 

467,  468. 
Indicated  thermal  efficiency,  342. 
Indicator,  424,  484-485. 
Indicator  diagram,  437,  452,  454,  486-487. 

500-501. 
gas  engine,  311. 
Indirect  refrigeration,  648. 
Induced  draft,  577. 
Initial  condensation,  430,  433,  436,  437, 

442,  448,  460. 
formula  for,  437. 
Injector,  587-590. 
Injection  of  water,  195,  200. 
Injector  condenser,  584. 
Intercooler,  206,  207. 
Intermediate  compound,  474,  480,  549n. 
Internal  combustion  engine,  248,  276,  277, 

287-308,  308a.  329a. 
Internal  combustion  pump,  308a. 
Internal  energy,    10.   12,   76-78,  81.   100. 

109,  113,  119-123,  359,  374,  376,  3S2d- 

3S2h. 
Internal  work  of  vaporization,  359,  360. 
Internally  fired  boiler,  568,  569. 
Inversion,  373,  395,  401. 
Irreversibility.  11,  73-76,  78,  175,  176. 
Irreversible  process,  124-127, 160,  426,  613. 
Isentropic,  168,  176. 
Isodiabatic.  108.  112. 
Isodynamic,  83.  96.  120-122. 
Isodynamic  vapor,  382. 
Isoenergic,  83.  96,  120-122,  382. 
Isometric,  83. 
Isopicstic,  83. 
Isothermal,  78,  83,  91-96,  122,  366,  38^. 

Jacket,  gas  engine,  352,  363. 

hot-air,  439. 

steam.    413,    438-441,    466,    482,    606. 
5496.  549m. 

vapor  compressor,  635. 
Jet  condenser.  496,  502,  584. 
Joule  air  engine,  254. 
Joule  apparatus,  2,  30. 
Joule  cycle,  254,  255,  613,  622. 
Joule  experiment,  73-80,  124-127,  156,  176. 
Joule's  law,  75-80,  109. 
Junkers  engine,  3076. 

Kehdn  scale  of  absolute  temperature,  153- 

156,  167. 
Kelvin  warming  machine,  623. 
Kerosene,  279.  280,  310. 
Kinetic  theory  of  gases,  53-66,  80,  127a. 

1276. 


^M      m                                                    ^^^^^^ 

^^H            Kirk  air  rcfrieeratiDE  macbine,  612. 

Molecular  heat,  5B.                                         ' 

^H             Koobluuch  uDd  Jakob.  3H4. 

MoUler  diHgram.  399,  516,  583. 

Monnloraio  gas,  V27a. 

^^H              LuKging,  439. 

Mund  eaa.  278.  383. 

Motor-hiuyde,  340. 

^^M                 of  rusiuu.  00-^-604. 

Multiple    Bxpanaion.   438.    45»-468,   SI9. 

^^1            LeabaKe,  431A,  432,  5iitk. 

648a.  5486,  549n,  550. 

^^M           Lenoir  cycie,  29».  3U0,  3UI.  304, 

220.  232,  2ii,  335,  239. 

^^H            I.ino  of  iBveraiDD.  373. 

^^H             Liquefaction  ot  itascs,  GO.^-010. 

^^H                  of   stCBin   during-  etpansion,    372,    373, 

«.  01.  97,  115-118.  16*.  3296,  3W.  *>U. 

^H                     431a.  432. 

446. 

^H                Uiiuid  air,  246,  355,  609,  lilO. 

^^1              Liiiuide,  miliums,  lliOu. 

Natural  itas,  276.  378.  329. 

^^1             LonMnDtivii  Ixiiler.  5r>S. 

Negativo  spetiflc  he»l,  116.  371. 

Negative  work,  87,  S»,  99. 

^H                 t«8ts.  4117,  511,533. 

Neutrnix,  319,  320. 

^B                 theory,  509. 

Ncnhall  evaporator,  593. 

^K                   turbo-,  540. 

Nitrous  oiide.  531. 

^^ft                t>-pc9.  SOU.  510, 

Non-c^pousive  eyrie.  412.  423. 

Noxile,  612-515,  51&-523.  626. 

^^m           LoKnritiunIc  diaentm,  431b.  446. 

^H            Loop.  sUaui,  583, 

Oil  engine.  270,  270,  280,  299.  306,  307, 

^^H            Loreux  cycle,  252. 

Oil  fuel.  280. 

^^H             Loaaea  in  seesm  boiler.  566. 

Oil  ans.  279. 

^^H                insteum  turbine.  514. 

Oppii  fe*>d-water  healer,  581. 

Oppo:vd  Ifcam  engine  464a. 

^H              Muriotte's  law.  38,  30. 

Olitieal  pyrometer.  B. 

^^H               Miiriiii'  builpf,  568. 

Ordnance.  123<i. 

^H             M»riiiP  lurUiio.  540, 

Orifice.  523. 

^^H               AUtliPiimliral      tliGrmndynamic      method. 

Damosis.  127/.. 

^^M                        too,  401. 

Otii)    rvole,    270,    287-297.   300.    809^29, 

^H               MuycT.  29. 

:J2!)(.. 

^^H                Mnyur'B  principle.  94. 

Overload  caijaeity,  gna  ennine.  330.  3.'i3. 

^H                Mi:uiioffeclivepn.'Uur«.329.3m.44Q,  471, 

slean.  ciiRiue,  447. 

^H                     486. 

Oiygcn,  600,  608.  009. 

^H                Mean  specific  heat,  61 ,  164. 

Panjbour«yele,  413. 

Panione  turbine.  534,  683,  539.  56A. 

^H                       503.  511,  553'55». 

Path.  83,  85.  88.  97-90.  Ul-lUl. 

^H                   gtu  euRine.  342,  345. 

Pall.5  of  voponi,  398-399. 

Paths  of  mixturra.  3KM.  3S!i^. 

^V                       70. 506. 

Polton  bucket.  520. 

P■^^feet  gaa.  39.  50,  51.  53.  50.  74.  DO,  (Ol. 

Permaoenl  gas.  16. '63.  605, 

^M              MeUllic  pyrometer,  0. 

Petleton  evaporator.  GOl. 

^                   MixturiH.  20.  21,  25. 

Pictct  oppamiua,  608. 

air  and  moisture.  1H2,  208.  :t82a. 

Picl«t  fluid.  631. 

expansion  of,  38M-3SV.  38!**. 

Piston  apeeds,  eia  euBilie,  32(h 

entropy  of.  109a.  382d-382/i. 

sleam  entrfne,  445. 

frceiinB.  15,611. 

Plnnl  efficiency.  603. 

^^                     Kua  and  va|>or.  52b.  382b-.183f. 

^^                   in  eus  I'liKinc.  3Un,  310,  321.  U8. 

Polylropio  cycle,  261. 

^H                   inl4-n>al  .>i.erKy'af,'382d-3S3'.. 

^^H                liquids.  i''<\1<i. 

164,  163. 

^^H               riteam  and  atr.  382r.  382/.  3H2|7. 

Pond,  cooling.  585. 

^^B               aiMtcilic  hfiat.  '.iSle. 

Porous  pliiK  experiment.  73-80,   124-llT, 

^^B             Moisture  in  air.  It;2,  208,  3S2a. 

156,  176, 

^^K                in  Hteom.  54U/. 

Power  plant,  steaii.,~407,  408.  500-600. 

^^^^^^^^^^^^^^^^^^1 
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P^eheater,  186,  187. 

Pressure  in  gun,  123a. 

Pressure,  high  dteam,  143,  444,  459.  462. 

549e. 
Pressure  in  internal  combustion   engines, 

316. 
Pr«Bsure-temperature    relation,    355.    358, 

362,^368.  382a. 
Pressure  turbine,  524,  533-535,  539. 
Problems,  pages,  10,  17-18.  30-31.  41-42, 

73-75,   82-83,    89-91,    104-105,    143- 

144,  160-161,  226-229,  292-297,  3,58- 

362,  395-396,  413-414.  436-438,  452- 

453,  489-491. 
Producer,  27fr-286. 
Producer  gas,  276-286,  312,  329. 
Projectile,  123<z. 
Propagation  of  flame,  105o,  309,  310.  310. 

319,  320,  325. 
Properties  of  gases,  52,  63. 
Properties  of   steam,  360,  367,    376,  405, 

420.  421. 
Pump,  feed,  586. 
condenser,  584. 
internal  combustion,  308a. 
turbo-,  540. 

vacuum,  236,  237,  584,  591. 
Pyrometer,  9. 

Quadruple  expansion  engine,  461, 543a,  550. 

ft.  51,  52,  65.  66,  68.  70,  3826,  382c,  foot- 
note 3,  page  41. 
Rankine,  151. 

Rankine  cycle,  411.  424,  429,  447,  544. 
Rankine's  theosem,  106,  157,  158,  167. 
Rateau  turbine,  524,  531,  538,  541. 
Rate  of  combustion,  560,  569. 

of  evaporation,  569. 

of  flame  propagation,  309,  310,  319,  320, 
325. 

of  gasification,  284. 

of  heat  transmission,  582,  584. 
Rating  automobile  engines,  335. 
Ratio    of  expansion,  433,  436,  445,  447, 
459,  549i. 

compound  engines,  474,  476. 

real  and  appcu^nt,  450. 

specific  heats,  69,  70. 
Reaction  in  producer,  285a. 
Reaction  turbine,  524,  533-535,  539. 
Real  ratio  of  expansion,  450. 
Real  specific  heat.  61,  78. 
Reaumur  thermometer,  8. 
Receiver  compound  engine,  464a-478. 
Recei%'er  pressure,  air  compressor,  211. 
Recuperator,  281. 

Reevaporation,  431a,  444,  448,  460. 
Reeves'  method,  457a. 
Refrigerating  machine,  612,  616,  618-620, 
629,  633,  636,  637,  647,  658-660,  663, 
664. 


Refrigeration,  611-664. 

applications  of,  649-657. 

compressed  air,  227,  247. 

vapors  used,  400-405. 
Regenerative  expansion.  544,  610.  612. 
Regenerator.  246,  257-259,  271,  281,  2956, 

541.  610. 
Regnault,  43.  46.  49. 
Regnault's  law.  63. 
Regulation,  air  compressor.  238. 

gas  engine,  336-338,  348.  349. 

steam  engine,  462,  505a. 
Reheating,  481,  549m. 
Reitlinger  cycle,  253,  259. 
Relative  efficiencj',  544,  551. 
Relative  humidity,  382c. 
Representation  of  heat  absorbed,  106,  123, 

167. 
Research  problems,  gas  power,  p.  223. 
ReversibiUty,  139-141,  144-149. 

cycle,    138-141,     147,     148,     152,    175, 
176. 

path,  125,  126,  162,  168,  175,  176. 
Rotar>'  steam  engine,  177,  192. 
Rotative  speed,  445. 

Sargent  cycle,  295a. 

Saturated  air,  382c. 

Saturated  steam,  356,  358-382. 

Saturated  vapor,  356. 

Saturation  curve,  365. 

Scales,  thermometric,  8. 

Scavenging,  312,  327,  339. 

Second  law  of  thermodynamics,  138-142, 

144-156. 
Self-starter,  351. 
Simple  engine,  tests,  546,  547. 
Single-acting  gas  engine,  345. 
Siphon  condenser,  584. 
Size  of  engine,  549o. 
Sleeve  valve,  350. 
Small  calorie,  23. 
Soft  coal,  560,  578. 
Solution,  15,  591,  604. 
Sommeiller  compressor,  240. 
Specific  heat,  20,  21,  24-27,  57,  68. 

air,  71,  72. 

apparent,  61. 

difference,  65,  67,  77,  165. 

entropy  diagram,  164. 

gases,  57-72. 

mean,  61,  164. 

mixtures,  382c. 

negative,  115,  371. 

polytropics,  112,  115,  164. 

ratio,  68,  70. 

real,  61,  78. 

saturated  vapor,  401. 

superheated  stean),  383-385,  387,  388. 

variable,  329a.  3296. 

volumetric,  60,  67. 

water,  24,  26,  359. 
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^^^H            Specific  volume  of  Menm.  page  296;    3fl0. 

^^H              363,  ses. 

^^^H             speed  of  oneiaes,  549o. 

Surtaco-eondenaing  catorimercr.  490, 

^^H               of  iEDitioa,  105a. 

Symbols,  p.  liii. 

^^^M               piston,  445. 

Synopses,  pp.  10.  17.  29-30.  41.  70-71.  82. 

^^H               rcsuktion.  50Sa, 

89.    103-104.   141-143.   159-160.   224- 

^^^H               rotative,  445. 

226,  289-292.  355-358.  SM^.SBS.  412- 

^^^^K           StartinK  gas  engines,  35t. 

413.  435-436.  451.  4M-483. 

^^m            Stoim^ir  miiluras.  3S2a.  38ac.  38^.  3820. 

^^K            Blearo.  roraiutioD.  354-360.  366.  381. 

TaUe,  air  and  moialure  mixltirca,  382fi. 

^H                        362. 368. 

properties  of  gaaes,  52.  63. 

^H     .            saturated,  336.  358-382. 

symbols,  p.  xiii- 

^H                 superheated,   365.   358,   365,   366.   380. 

Table,  steam.  360.  367.  376.  405.  420.  421. 

^H                     382c.  3S3-397. 

^^1             Steam  adiabatic.  372.  373,  431.  432,  613, 

Tank  calorimeter.  489. 

^^M                    616. 517-520. 

Temperature.  6,  19-21. 

^H               Steam  boiler,  143,  566.  568-573. 

absolute,  152-156,  167. 

^^H             Steam   coDsumpUon    Iniin   indiralir   dia- 

gas  engine  cylinder,  312.  314-319. 

^^H                     groin.  137,  4S7.  500.  501. 

^H               Steam  cj-clca.  408-412,  414-118,  422-158, 

^^H                       483.  514,  544. 

Temperature- volume    equation,    foolmote, 

^^M             Steam  engine.  143.  419,  422-511.  650. 

p.  296. 

^^H                   cycle.  408-412,  414-418.  422^5S,  483, 

Testing  hot  air  engines,  274. 

^H                        514.  543-558. 

Teats,  heat  values,  561a. 

^^H                  description,  422. 

^H                  entropy  diagram,  453^58,  475. 

rrlrigeraling  machine,  660-663 

^H                  governing,  462. 

speed  regulation.  606a. 

^^H              Steam  in  gaa  producer.  285a. 

sleam  boiler,  572. 

^^V                Steam-ether  engine,  4S3. 

steam   engine.  484-S05,   543-561.   554- 

^^               Steam  gas,  357,  390.  39!. 

558. 

Steam  jacket.  413,  438-441.  466,  482,  605. 

steam  turbine,  643.  652,  664,  666. 

Stean.  loop.  583. 

Thermal  capacity.  57.  58. 

Steam  power  plant.  407.  508,  560-590, 

Thermal  efficiency.  342.  496. 

Thermal  line,  83. 

^H               Steam  table.  360,  367.  376.  405,  420,  421.  f 

^^k             steam  turbine.  512-542,  562,  555. 

Thermodynamic  function,  170. 

^B              steam.  <ret,  364,  367. 

^H         BUii,  6ei. 

^H             Stirling  hot-air  engine.  260-268. 

Thermometer,  7,  8. 

^H             Stoker.  678. 

air,  41.42,  48,  4Q,  152. 

^^H               Storage,  rompresaed  air,  lU,^.  245. 

^^1             Strnight^linc  compressor,  339. 

^^■^             Stumpf  cngioc.  5D7a. 

Tbutu-phi  diaRram,  170. 

^^^B            Btumpf  turbine,  536. 

Thomas'  eiperin.ciit--.,  385. 

^^B           SuUimntion.  17,  382a. 

^^H             Suotioo  produi:cr,  2HI.  282. 

ThrottlinK.  3tvX,  i'ti. 

^^^P            Suction  stroke,  gas  engine.  32S. 

Throttling  c.-iUiriio.-ler.  491. 

^^V            Sulphur  dioxide,  404.  483.  606,  608,  611. 

Throttling  cneiue,  427.  507. 

^^B                     631,  632.  TaUe,  p.  488. 

Throttling,  gas  coene.  326,  34S. 

Thrust  in  turbines.  628. 

^H                   refrigeration.  629.  033,  636,  647. 

Time  of  ignition.  321. 

^H                   turbines,  617.  652. 

Tonnage  rnUng.  658,  659. 

^H                   use  of,  438,  442^44.  482,  579. 

Total  heBt-enlropy  diagram.  399. 

Total  heat,  saturated  steam,  350,  360,  3sa 

^H                      380,  382c.  383-397.  644.  649;,  649d, 

BUpcriieated  steam,  386. 

^^                    5400. 

Tower,  cooling,  585,  664. 

^^K                 cycles,  414-418. 

Trajectory  of  steam,  630. 

^^B                 table,  421. 

Transmission,  air,  24S-245. 

gaa.276. 

^H               BupedieAten.  579. 

ratejot,  682.  584. 
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Transmissive  efficiency.  212,  216.  243.  244. 
Triple-expansion    engine,    461,    474,    480, 

543a,  549a. 
Tubes  in  boilers,  669. 
Turbine,  gas,  540. 

exhaust  steam,  540,  552. 

steam,  512-542,  552,  555.  584. 
Turbo-compressor,  239,  540. 
Turbo-locomotive,  540. 
Turbo-pump,  540. 

Two-cycle  gas  engine,  289-292,  329,  339. 
Two  specific  heats  of  gases,  57,  58,  62,  64- 

72,  107.  127a,  165. 
Types,  air  compressor,  238-242. 

gas  engine,  336-341,  350-351. 

locomotive,  509,  510. 

multiple-expansion  engine,  461. 

steam  engine,  507. 

vapor  compressor,  664. 

Uniflow  engine,  507a. 
Universal  gas  constant,  52,  69. 

Vacuum,  footnote,  page  358. 
Vacuum  distillation,  591-601. 
Vacuum  pump,  236,  237,  584,  591. 
Valves,  air  compressor,  195,  242. 

gas  engine,  310,  326.  350. 

steam  engine,  350,  452,  507. 
Vapor,  paths,  392-399. 

specific  heat,  401. 
Vapor  adiabatic,  391-397. 
Vapor  compressor,  624-638,  642,  658,  660, 

662,664. 
Vapor  refrigeration,  624-643,  647,  062. 
Vaporization,  internal  work,  359,  360. 

latent  heat,  359,  360. 
Vaporizer.  279,  282.  310.  336.  612.  626. 
Vapors,  16,  17,  354-421. 

for  heat  engines,  402,  405a. 

mixtures,  382A. 

for  refrigeration,  400-405,  630-632. 

saturated,  356. 

superheated,  356. 
Variable  specific  heat,  329a,  3296.  564. 
Variables,    steam    engine   economy,    545- 

549o. 
Velocity  diagram,  527,  529,  534. 
Velocity  of  molecules,  1276. 

of  projectiles,  123a. 

in  throat  of  nozzle,  522. 
Velocity  turbine,  524,  530-533,  536-538. 


Velocity,  wave,  105a,  316. 

Velocity  work,  127.  176,  512,  518,  525. 

Vibration  work,  3,  12,  13,  54-56. 

Volume  curves,  377. 

Volume  temperature  equation,  page  296. 

Volumetric  efficiency,  222-229,  233. 

Volumetric  specific  heat,  66,  67. 

Volume,  vapor,  360,  363,  368,  369,  401. 

Walls,  gas  engine  cylinder.  312,  317,  325, 
347. 

steam  cylinder,  429,  431a,  432,  504,  505. 

vapor  compressor,  637. 
Warming  machine,  Kelvin,  623. 
Water,  air  compressor,  195-200,  206,  207. 

in  refrigerating  plant,  617,  635. 

specific  heat,  24,  26,  359. 
W-ater  gas,  278,  281,  329. 
Water  jacket,  air  compressor,  201,  204. 

gas  engine,  312,  317,  325,  352,  353. 
Water  supply,  evaporator,  600. 
Water-tube  boiler,  568,  569. 
Watt's  diagram,  86-90. 
Watt's  law,  359. 
Waves,  explosion,  319,  325. 
Wave  velocity,  105a,  316. 
Westinghouse-Parsons  turbine,  539. 
Wet-bulb  thermometer,  382c. 
Wet  compression,  629,  647. 
Wet  steam,  364,  367. 
Willans'  line,  555. 
Wiredrawing,  426,  442,  448,  461.  474.  618, 

548!;*. 
Woolf  engine,  463. 
Work,  Clausius  cycle,  410. 

compression,  210. 

external,  14,  15,  86-90,  95,  98,  121-  123, 
160,  359,  374,  375. 

negative,  87,  89,  99. 

superheated  adiabatic,  416. 

vapor  adiabatic,  396. 

velocity,  127,  176,  612,  515,  518. 

vibration,  3,  12,  13,  54-56. 
Wormell's  theorem,  36. 

7/,  57,  58,  62,  64-72,   101,   102,   106.  107, 

110,  127a,  165. 
Yaryan  evaporator,  595-600. 

Zero,  absolute,  44,  45,  166. 

of  entropy,  171. 
Zero  line,  373.  ~ 
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Garcia,  A.  J.  R.  V.    Spanish-English  Railway  Terms 8vo,  *4  50 

Gaif orth,  W.  E.    Rules  for  Recovering  Coal  Mines  after  Explosions  and 

Fires iimo,  leather,  i  50 

Garrard,  C.  C.    Electric  Switch  and  Controlling  Gear (/ii  Press.) 

Gaudard,  J.    Foimdations.     (Science  Series  No.  34.) i6mo,  050 

Gear,  H.  B.,  and  Williams,  P.  F.    Electric  Central  Station  Distribution 

Systems 8vo,  *3  00 

Geerligs,  H.  C.  P.    Cane  Sugar  and  Its  Manufacture 8vo,  *5  00 

Geikie,  J.    Structural  and  Field  Geology 8vo,  *4  00 

Mountains.     Their  Growth,   Origin  and  Decay 8vo,  ^4  00 

The  Antiquity  of  Man  in  Europe 8vo,  *3  00 

Georgi,  F.,  and  Schubert,  A.     Sheet  Metal  Working.     Trans,  by  C. 

Salter 8vo,  300 

Gerber,  N.   Analysis  of  Milk,  Condensed  Milk,  and  Infants' Milk-Food.    8vo,  i  25 
Gerhard,  W.  P.    Sanitation,  Watersupply  and  Sewage  Disposal  of  Country 

Houses i2mo,  *2  00 

Gas  Lighting      (Science  Series  No.  iii.) i6mo,  o  50 

Household  Wastes.     (Science  Series  No.  97.) i6mo,  o  50 

House  Drainage.     (Science  Series  No.  63.) i6mo,  o  50 

Gerhard,  W*  P*    Sanitary  Drainage  of  Buildings.    (Science  Series  No.  93.) 

i6mo,  o  50 

Gerhardi,  C.  W.  H.    Electricity  Meters 8vo,  *4  00 

Geschwind,   L.    Manufacture  of  Alum  and  Sulphates.    Trans,   by  C. 

Salter 8vo,  *$  00 

Gibbs,  W.  E.     Lighting  by  Acetylene i2mo,  *i  50 

Gibson,  A.  H.    Hydraulics  and  Its  Application 8vo,  *5  00 

Water  Hammer  in  Hydraulic  Pipe  Lines i2mo,  *a  00 

Gibson,  A.  H.,  and  Ritchie,  B.  G.    Circular  Arc  Bow  Girder 4to,  "^3  50 

Gilbreth,  F.  B.    Motion  Study i2mo,  *2  00 

Bricklaying  System   8vo,  ^3  00 

Field  System  iimo,  leather,  *3  00 

Primer  of  Scientific  Management i2mo,  *i  00 

Gillette,  H.  P.    Handbook  of  Cost  Data i2mo,  leather,  ^5  00 

Rock  Excavation  Methods  and  Cost lamo,  ^3  00 

and  Dana,  R.  T.    Cost  Keeping  and  Management  Engineering. 8vo,  *3  50 

and  Hill,  C.  S.    Concrete  Construction,  Methods  and  Cost 8vo,  *$  00 

Gillmore,  Gen.  Q.  A.    Limes,  Hydraulic  Cements  acd  Mortars 8vo,  4  00 

Roads,  Streets,  and  Pavements i2mo,  2  00 

Godfrey,  E.    Tables  for  Structural  Engineers i6mo,  leather,  *2  50 

Golding,  H.  A.    The  Theta-Phi  Diagram. lamo,  *i  25 

Goldschmidt,  R.     Alternating  Current  Commutator  Motor 8vo,  *3  00 

Goodchild,  W.    Precious  Stones.     ( Westmmster  Series.) 8vo,  ^2  00 
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^^B  Hobart,  H.  M.     Heavy  Electrical  Engineeiing , svo, 

^^M  — -Deaign  of  Static  Tranafonnen ..ijino, 

^H  Electricity Svo, 

^^M  Electric   Trains _    , 8vo, 

^^H  Eobact,  H.  M.     Electric  PiopulsioD  of  Ships .8vo, 

^^H  Hobart,  J.  F.     Hard  Soldeting,  Soft  Soldering  and  Brazing.  ...  ..lamo, 

^^M  Eobbs,  W.  R.  P.    The  Arithmetic  of  Electrical  Measurements tuno, 

^^M  Hofl',  J.  N.     Paint  aod  Varnish  Facts  and  Formulas .  .ismo, 

^B  Hole,  W.    Tlie  Distribution  of  Gas .8vo, 

^^M  Uolley,  A,  L.    Railway  Practice ,  _ folio, 

^H  Hnlmes,  A.  B.    The  Electric  Light  Popularly  Explained... isitva.  paper, 

^H  Hopkins,  N.  M.     Experimental  El ectrochemiatiy ..Svo, 

^^m  ~ Model    Engines   and    Small   Boats .  izmo, 

^H  Hopkinson,  J.,  Shaolbied,  J.  N.,  and  Day,  B.  E.    Dynamic  £Ie:tTicity. 

^^M  (Science  Series  No.  71.) ... iCmo, 

^^K  Homer,  J.     Practical   Iranfounding 8vo, 

^^B  — — Gear   Cutting,  in   Theory   and  Practice 8to, 

^^B  Houghton,  C.  E.    The  ElementE  of  Mechanics  of  Materials nmo, 

^^H  Houllevigue,  L.    The  Evolution  of  the  Sciences. Bvo, 

^^M  Huustoun,  R.  A.    Studies  in  Light  Production... izmo, 

^^B  Hoveoden,  F.     Practical  Mathematics  for  Young  Engineers iimo, 

^^M  Hov-e,  G.     Mathematics  for  the  Practical  Man iimo, 

^^H  Howotth,  J.    Repairing  and  Itiveting  Glass,  China  and  Earthenware. 
^^H  Svo,  paper, 

^H  Hubbard,  E.     The  Utilization  of  Wood-waste, 8vo, 

^^1  Hilbner,  J.    Bleaching  and  Dyeing  of  Vegetable  and  Fibrous  Materials. 

^^H  ^Outlines   of   Industrial   Chemistry.).. SvO, 

^^M  Hudson,  0.  F.    Iron  and  Steel.    (Outlines  of  Industrial  Chemistry. XSvo, 

^H  Humphrey,  I.  C.  W,     MeUllography  of  Strain.      (Metallurgy  Series.) 

^^H  Humphreys,  A.  C.    The  Business  Features  of  Engineering  Practice. Avo, 

^H  Hunter,  A.     Bridge  Work   Svo.   (/«  PrM*.) 

^^M  Hurst,  G.  H.     Handbook  of  the  Theory  of  Color Svo,    ' 

^^H  —Dictionary   of  Chemicals  and  Raw   Products Svo,    ' 

^^  Lubricating  Oils,  Fats  and  Greases.  , 8vo,    ' 


Hurst,  G.  H.,  and  Simmons,  W.  H.    Textile  Soaps  and  Oils 8to, 

Hcrsl,  H.  E„  and  Lattey,  R.  T.     Teat-book  of  Physics Bvo, 

Also   published   in   three   parts, 

Pari      I.     Dynamics  and   Heat     .  .  . 

Part     II.     Sound  and  Light. 

Part  m.    Magnetism  and  Electricity 

Hutchinson,  R.  W.,  Jr.    Long  Distance  Electric  Power  Transmission. 

Hutchinson,  R.  W.,  Jr.,  and  Thomas,  W.  A.    Electricity  in  Mining,  iimo, 

Hutchinson,  W.  B.     Patents  and  How  to  Hake  Money  Out  o(  Tbein. 

Button,  W.  S.     Steam-boiler  Construction Svo, 

The  Works'  Manager's  Handbook Svo, 
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Hyde,  £.  W.    Skew  Arches.     (Science  Series  No.  15.) i6mo,      o  50 

Hyde,  F.  S.    Solvents,  Oils,  Gums,  Waxes Svo, 

Induction  Coils.     (Science  Series  No.  53.) i6mo, 

Ingham,  A.  £.    Gearing.    A  practical  treatise Svo, 

Ingle,  H.    Manual  of  Agricultural  Chemistry 870, 

Inness,  C.  H.    Problems  in  Machine  Design i2mo, 

Air  Compressors  and  Blowing  Engines i2mo, 

Centrifugal  Pumps i2mo, 

The  Fan i2mo, 

Isherwood,  B.  F.    Engineering  Precedents  for  Steam  Machinery . . .  Svo, 
Ivatts,  £.  B.    Railway  Management  at  Stations Svo, 

Jacob,  A.,  and  Gould,  E.  S.    On  the  Designing  and  Construction  of 

Storage  Reservoirs.     (Science  Series  No.  6) i6mo,      o  50 

Jannettaz,  E.     Guide  to  the  Determination  of  Rocks.    Trans,  by  G.  W. 

Plympton i2mo, 

Jehl,  F.     Manufacture  of  Carbons Svo, 

Jennings,  A.  S.    Comm  er cial  Paints  and  Painting.   (Westminster  Series. ) 

Svo, 

Jennison,  F.  H.    The  Manufacture  of  Lake  Pigments Svo, 

Jepson,  G.    Cams  and  the  Principles  of  their  Construction Svo, 

Mechanical  Drawing Svo  {In  Preparatwn.) 

Jervis-Smith,  F.  J.     Dynamometers Svo, 

Jockin,  W.    Arithmetic  of  the  Gold  and  Silversmith i2mo, 

Johnson^  J.  H.    Arc  Lamps  and  Accessory  Apparatus.     (Installation 

Manuals  Series.) i2mo, 

Johnson,  T.  M.    Ship  Wiring  and  Fitting.     (Installation  Manuals  Series.) 

i2mo, 

Jcrfmson,  W.  McA.    The  Metallurgy  of  Nickel (In  Preparation,) 

Johnston,  J.  F.  W.,  and  Cameron,  C.    Elements  of  Agricultural  Chemistry 

and  Geology i2mo, 

Joly,  J.    Radioactivity  and  Geology i2mo, 

Jones,  H.  C«    Electrical  Nature  of  Matter  and  Radioactivity i2mo, 

Evolution  of  Solutions {In  Press.) 

New  Era  in  Chemistry iimo, 

Jones,  J.  H.     Tinplate  Industry .Svo, 

Jones,  M.  W.     Testing  Raw  Materials  Used  in  Paint i2mo, 

Jordan,  L.  C.    Practical  Railway  Spiral i2mo,  leather, 

Joynson,  F.  H.    Designing  and  Construction  of  Machine  Gearing  . .  Svo, 
Jiiptner,  H.  F.  V.    Siderology :  The  Science  of  Iron Svo, 

Kansas  City  Bridge 4to, 

Kapp,  G.    Alternate  Current  Machinery.     (Science  Series  No.  96.). i6mo, 

Keim,  A.  W.    Prevention  of  Dampness  in  Buildings Svo, 

Keller,  S.  S.    Mathematics  for  Engineering  Students,     x  2mo,  half  leather. 

Algebra  and  Trigonometry,  with  a  Chapter  on  Vectors *i  75 

Plane  and  Solid  Geometry *i .  25 

and  Knox,  W.  E.    Analytical  Geometry  and  Calculus ♦a  00 

Kelsey,  W.  R.    Continuous-current  Dynamos  and  Motors Svo,    *2  50 
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Kenible,W,T.,andTJiiderhm,C.ll.    The  Periodic  Law  and  the  HTdrogen 

Spectrum ,    ....    ,,,.,.,.  .8vo,  paper, 

Kemp,  J.  F.     Handbook  oi  Rocks 8to, 

Kendiil,  E.     Twelve  Figure  Cipher  Code.  .    .4t0, 

Kennedy,  A.  B.  W.,  and  Thurston,  R.  H.    Kinematics  of  Uachineiy. 

(Science  Series  No,  54.) .....  ...      .    i6mo, 

Kennedy,   A.  B.  W.,  Unwin.  W.  C,  and  Idell,  F.  E.    Compressed  Air. 

(Science  Series  no.  106.)  . ...    i6mo, 

Keimedy,  R.     Modem  Engines  and  Power  Generators.  SJi  Volumes.  4I0, 

Single  Volumes .  each, 

Electrical  Instatlatioas.    Five  Volumes ....  4to, 

Single  Volumes      ....  each, 

~ Flying  Machines;  Practice  and  Design .tamo, 

Principles  of  Aeroplane  Construction      8vo, 

Kennelly,  A.  E.    Electro-dynamic  Machinery 8to, 

Kent,  W.     Strength  of  Materials.     (Science  Eeries  No.  41.)  ...    .  t6mo, 

Kershaw,  J.  B.  C.     Fuel,  Water  and  Gas  Analysis 8vo, 

Electrometallurgy.     iWestminster  Series.  1 8»o, 

The  Electric  Furnace  in  Iron  and  Steel  Production      lamo, 

Electro -Thermal   Methods   of  Iron  and   Steel  Production. ..  .8vo, 

Kndelan,   J.     Trackman's   Helper iimo, 

tUnzhruimer,  C.     Alternate  Current  Windings Svo, 

Continuous  Current  Armatures 810, 

Testing  of  Alternating  Current  Machines  ...    .   Svo, 

Kiikaldy,  W.  G.    David  Kirkaldy's  System  of  Mechanical  Testing.   410, 

Eirkbride,  J.     Engraving  for  Illustration Stq, 

Kirkham,  J.   E.     Structural   Engineering .    . .  .Svo, 

Kirk  wood,  J.  P.     Filtration  of  River  Waters  4(0. 

Kirschke,  A.    Gas  and  Oil  Engines .   .lanu, 

Klein,  J.  F.     Design  of  a  High-speed  Steam-engine  .    .  .8vo, 

Physical  Significance  of  Entropy Svo, 

Kleinhans,  F.  B.    Boiler  Construction.  .    .  Svo, 

Knight,  R.-Adm.  A.  M.     Modem  Seamanship  Svo, 

Half  morocco 

Knott,  C.  G.,  and  Mackay,  J.  S.     Practical  Mathematics 8*0, 

Knox,  J.     Physico-chemical  Calculations  ....  lamo, 

Fixation  of  Atmospheric  Nitrogen.      ( Chemical  Uonographs.) .  iimo, 

Ko ester,  F.     Sleam-EIeclric  Power  Plants  .       410, 

Hydroelectric  Developments  and  Engineering .410, 

Kollet,   T.     The   Utilisation   of  Waste   Products .  .8vo, 

- —  Cosmetics . ■.  8vo, 

Eiemann,  R.  Application  of  the  Phyaico-Chemical  Theory  to  Tech- 
nical  Processes   and  Manufacturing  Methods.     Trans,  by  H. 

E.  PottB ..   avo. 

Kretchmar,  K.     Yam  and  Warp  Siting .  .8vo, 
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Lallier,  £.  V,     Elementary  Manual  of  the  Steam  Engine nmo,     *3  00 

Lambert,  T.    Lead  and  Its  Compounds       . Svo,     "350 

Bone  Products  and  Manures Svo,     '3  ro 
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Lambom,  L.  L,     CottonBeed  Products .  .8yo,     ' 

Modem  Soaps,  Candles,  and  Glycerin.  .    , . .   Bvo,     ' 

Lamprecht,  R.    Becosery  Work  After  Pit  Fires.    Trans,  by  C.  Salter  8to,     ' 

Lancaster,   M.     Electric   Cooking,  Heating  and   Cleaning. Bvo,     * 

Lancbester,  F.  W.    Aerial  Flight.    Two  Volumes.    8vo. 

Vol.  I.     Aerodynamics  . . ' 

Aerial  Flight.     Vol.  n.     Aerodonedcs. ' 

Lange.  K.  R.     By-Products  of  Coal-Gas  Hanufactare. iimo, 

Lamer,  E.  T.    Principles  of  Alternating  Currents iimo.     ' 

La  Rue,  B.  F.     Swing  Bridges.     rScience  Series  No.  107,;  i6ino, 

Lassar-Cohn.   Dr.     Modem   Scientific   Chemistry.     Trans,   by   M.   M. 

Pattison  Muir  izmo,     ' 

Latimer,  L.  H.,  Field,  C.  J.,  and  HoweU,  J.  W.     Incandescent  Electric 

Lighting.     (Science  Series  No.  57.)  i6mo, 

Latta,  M.  N.     Handbook  of  American  Gas-Engineering  Practice     .   8vo,     ' 

American  Producer  Gas  Practice      4to,     * 

Laws,  B.  C.    Stability  and  Equilibrium  of  Floating  Bodies Svo,     ' 

Lawson,    W.    R.      British    Railways.      A    Financial    and    Commercial 

Survey , Svo, 

Leask,  A.  R.     Breakdowns  at  Sea         iimo, 

Refrigerating  Machinery  iimo, 

Lecky,  S.  T.  S.     "  Wrinkles  "  in  Practjcal  navigation 8vo,     ' 

Le  Doux,  M.     Ice-Making  Machines.     ^Science  Series  No.  46.)    .  t&mo, 
Leeds,   C.   C.      Mechanical    Drawing    for   Trade    Schools.      I  Machinery 

Trades  Edition.)      oblong    *to     • 

Mechanical  Drawing  for  High  and  Vocational  Schools..         .   4tD,     * 

Lef^Tre,  L.     Architectural  Pottery.     Trans,  by  H.  K.  Bird  and  W.  M. 

Binos ....  ....  ....   4to,     ' 

Lehner,  S.  Ink  Manufacture.  Trans,  by  A.  Morris  and  H.  Robson  Bvo,  ' 
Lemstrom,  S.  Electricity  in  Agriculture  and  Horticulture  .  ...Svo,  ' 
Letts,   E.   A.     Fundamental   Problems   in   Chemistry  .....   Svo,     ' 

Le  Van,  W.  B.    Steam-Engine  Indicator.    (Science  Series  No.  78.)i6mo, 
Lewes,  V.  B.     Liquid  and  Gaseous  Fuels.     (Westminster  Series.)     Svo,     ' 

Carbonization  of  Coal  ....  ...  Svo,     ' 

Lewis,  L.  P.     Railway  Signal  Engineering  .    .  Svo,     ' 

Lieber,  B.  F.     Lieber's  Standard  Telegraphic  Code  8vo,   *i 

Code.     German  Edition  .8vo,  'i 

Spanish  Edition    .  .  Svo,   *i 

French  Edition  ...  Svo,   *i 

—  Terminal  Index       .    .  Svo,     ' 

Lieber's  Appendix ...  foUo,  'i 

Handy  Tables  4to,     * 

Bankers  and  Stockbrokers'  Code  and  Uerchants  and  Shippers' 

Blank  Tables  Svo,   *i 

100,000,000  Combination  Code    .  .    ..........  Svo,   *i 

— —  Engineering  Code      Svo,   'i 

Livennore,  V.  P.,  and  Williaffls,  J.    How  to  Become  a  Competent  Motor- 


Livingstone,  R.    Design  and  Construction  of  Commutators    .    .    .     Svo,     '1 

Mechanical  Design  and  Construction  of  Generators .Svo,     *3 

Lobben,  P.    Machinists'  and  Draftsmen's  Handbook Svo,      i 
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Lockvood,  T.  D.  Electdd^,  Magnetism,  and  Electro-telegraph.  .  8to,  a  50 
Lockwoad,  T.  D.    Electrical  Measurement  and  the  Galvanometer 

lamn,      a  75 

Lodge,  O.  J.  Elementary  Mechanics iimo,      i  50 

— ^  Signalling  Across  Space  without  Wires 8vo,     "a  oo 

Loewenstein,  L.  C,  and  Crissey,  C.  P,     Centrifugal  Pumps '4  50 

Lomas.  J.  W.     Cotton   SpinnioE     lamo,       i  30 

Lord,  R.  T.    Decorative  and  Fancy  Fabrics .  .8»o,     'i  5* 

Loring,  A,  E.    A  Handbook  of  the  Electromagnetic  Telegraph  .      .  i6nio       o  $" 

—  —  Handbook.     (Science  Series  N0.31).  >  i6nj,       o  50O 

Lovell,   D.  H.     Practical   Switcfiwork.    ...  ,  lamo,     *i  00 

Low,  D.  A.    AppUed  Mechanics  lEIeroentaiyi.    . i6mo,      o  80 

Lubschez,  B.  J.     Perspective ,.,....    ...  lamo,     *i  go 

Lucke,  C.  E.     Gas  Engine  Design   . .    , .     ... 8»o,     '3  on 

■ Power  Plants:   Design,  Efficiency,  and  Power  Costs,     i  vols. 

l/n  Preparalion.) 

Luckiesh,  M.    Coior  and  Its  Application avo.    (In  Press.) 

Lunge,  G.    Coal-tar  and  Ammonia.    Two  Volumes , Svo,  *r5  00 

- —  Technical  Gas  Analysis Bvo,     "4  oo 

Manufacture  of  Sulphuric  Acid  and  Alkali.    Four  Volumes. ,     Bvo, 

Vol.     L     Sulphuric  Acid.     In  three  parts    .  ...  *i8  oO 

Vol.  II.     Salt  Cake,  Hydrochloric  Acid  and  Leblanc  Soda.    In  two 

parts *I5  00 

Vol.  in.     Ammonia  Soda .  ...      "10  00 

Vol.  IV.     Electrolytic  Methods .      ...    lln  Pnxt.) 

Technical  Cheniists'  Handbook iimo,  leather,    '3  so 

Technical  Methods  of  Chemical  Analysis.     Trans,  by  C.  A.  Eeane 

in  collaboration  with  the  corps  of  specialists. 

Vol.     1.    In  two  parts 8»o,  *t5  00 

Vol.   n.    In  two  parts 8to,  *i8  00 

Vol.   III.     In   two   parts ,8vo,  '18  00 

The  set  (3  vols.)  complete '48  oo 

Luquer,  L.  M.    Minerals  in  Rock  Sections .    .    .    .    .Sto,     *i  ■;** 

Uacaulaj',  J.,  and  Hall,  C.    Modem  Railway  Working,  8  vols. .4(0,  >o  00 

Each  volume  separately ,  3  oa 

Macewen,  H.  A.     Food  Inspection               8vd,  *>  50 

Mackenzie,  N.  F.     Notes  on  Irrigation  Works    ...    .      Bvo,  *i  30 

Mackie,  J.     How  to  Make  a  Woolen  Mill  Pay 8»o,  '1  00 

Mackrow,  C.     Naval  Architect's  and  Shipbuilder's  Pocket-book. 

i6mo,  leather,  S  ooi 

Maguire,  Wm.  R.    Domestic  Sanitary  Drainage  and  Plumbing         8vo,  4  00 

Malcolm,  C.  W.    Textbook  on  Graphic  Statics .    ,8vo,  '300 

Malcolm,  H.  W.     Submarine  Telegraph  Cable ,  .  ( /ii   Pr^-S!:.) 

Mallet,  A.     Compound  Engines.     Trans,  by  R.  H.  Buel.     (Science  Series 

No.  10.) . ....  t6mo, 

Mansfield,  A.  W.  Electro- magnets.  (Science  Series  No.  64.)  i6mo,  o  JO 
Marks,  E.G.  R.  Construction  of  Cranes  and  Lifting  Machinery  iirao,  *i  50 
ConstnictiOD  and  Working  of  Pumps i  imo,  *  1  50 
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Manufacture  of  Iron  and  Steel  Tubes iimo, 

Mechanical  Engineering  Materials lamo, 

Marks,  G.  C.    Hydraulic  Power  Engineering 8vo, 

Inventions,  Patents  and  Designs iimo, 

Marlow,  T.  G.    Drying  Machinery  and  Practice 8vo, 

Marsh,  C.  F.    Concise  Treatise  on  Reinforced  Concrete 8vo, 
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Massie,  W.  W.,  and  Underbill,  C.  R.    Wireless  Telegraphy  and  Telephony. 

i2mo, 
Matheson,D.   Australian  Saw-Miller's  Log  and  Timber  Ready  Reckoner. 
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McCullough,  R.  S.    Mechanical  Theory  of  Heat 8vo, 

McGibbon,  W.  C.    Indicator  Diagrams  for  Marine  Engineers Svo,    ^3  go 

Marine  Engineers'  Drawing  Book oblong  4to, 

Mcintosh,  J.  G.    Technology  of  Sugar Svo, 

Industrial  Alcohol Svo, 
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Vol.     I.     Oil  Crushing,  Refining  and  Boiling *3  50 
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Mensch,  L.  J.    Reinforced  Conctete  Pocket  Book tGmo,  leatlier,    ■ 

Merck,  E.     Cbemicat   Reagents;   Their  Purity  and  Tests.     Trans,   by 

H.   E.   Schenck.  . , ..8vo, 
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Meyer,  J.  G.  A.,  and  Pecker,  C.  G.     Mechanical  Drawing  and  Machine 
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Milroy,  M.  E.  W.     Home  Lace-making    .,.,,.. lamo,     ' 
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Uoore,  E.  C.  S.    New  Tables  for  the  Complete  Solution  of  GangutUet  and 
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Morecroft,  J,  H.,  and  Hehre,  F.  W.     Short  Course  in  Electrical  Testine. 
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Morgan,  A.  P.     Wireless  Telegraph  Apparatus  for  Anulenrs .....  iimo, 
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Vicolf  G.    Ship  Construction  and  Calculations 8vo,  *4  50 
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Richardson,  J.     The  Modern  Sleaiu  Engine . 8vo,  '3  50 

Richardson,  S.  S.     Magnetism  and  Electricity.. iimo,  'i  00 

Rideal,  5.     Glue  and  Glue  Testing 8vo,  *4  00 
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Reinforced  Concrete  Bridges 4ti>,  *5  00 
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—  —  Railroad  Economics.     (Science  Series  No.  59.] itimo,  o  ;0 

— —  Wrought  Iron  Bridge  Members.     (Science  Series  No.  60.) i6mo,  o  s» 

Robson,  J.  H.     Machine  Drawing  and  Sketching.    .   Svo,  *!  so 

Roebling,  J.  A.     Long  and  Short  Span  Railway  Bridges. .  . ,  .  folio,  as  00 

Rogers,  A.     A  Laboratory  Guide  of  Industrial  Chemistry      .    ..      .iimo,  *I  50 

Rogers,  A.     Industrial   Chemistry 8»o,  '%  00 

Rogers,  F-    Magnetism  of  Iron  Vessels.     iScience  Series  No,  30.)  16010,  o  50 
Rohland,  P.     Colloidal  and  Crystalloidal  State  of  Matter.     Trans,  by 

W.  J.  Britland  and  H.  E.  Potts iimo,  'i  jj 

Rollins,  W.     Botes  on  X-Light Svo,  '5  00 

RoUinson,  C.     Alphabets ,..,...              Oblong,  iimo,  *1  00 

Rose,  J.    The  Pattem-roakers'  AssiBtanI 8vo,  i  50 

Key  to  Engines  and  Engine-running unto,  a  50 

Rose,  T.  K.     The  Precious  Metals.     (Westminster  Series.)  .        .  .   Svo,  *1  00 

Rosenhaln,  W.    Glass  Manufacture.     (Westminster  Series.)            8vo,  *i  00 

Physical  Metallurgy,  An  Introduction  to.     (Hetalluigy  Series.) 

Svo,    [In  Preis.1 
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R088,  W.  A.    Blowpipe  in  Chemistry  and  Metallurgy lamo,  ^2  00 

Roth.    Physical  Chemistry 8vo,  *2  00 

Sothery,  G.  C,  and  Edmoods,  H.  0.     The  Modem  Laundry,  a  vols., 

4to,  half  leather,  '^12  00 

Rouillion,  L.    The  Economics  of  Manual  Training 8vo,  .  a  00 

Rowan,  F.  J.    Practical  Physics  of  the  Modem  Steam-boiler 8vo,  "^3  00 

and  Idell,  F.   E.     Boiler  Incrustation  and  Corrosion.      (Science 

Series  No.  27.) . ." x6mo,  o  50 

Roxburgh,  W.    General  Foundry  Practice.     (Westminster  Series.)  .Svo,  "^2  00 

Ruhmer,  £.    Wireless  Telephony.    Trans,  by  J.  Erskine-Murray . .  Svo,  ^3  50 

Russell,  A.    Theory  of  Electric  Cables  and  Networks Svo,  *3  00 

Sabine,  R.    History  and  Progress  of  the  Electric  Telegraph i2mo,  i  25 

Sanford,  P.  G.     Nitro-explosives Svo,  *4  00 

Saunders,  C.  H.    Handbook  of  Practical  Mechanics i6mo,  i  00 

leather,  i  25 

Sayers,  H.  M.    Brakes  for  Tram  Cars Svo,  *i  25 

Scheele,  C.  W.     Chemical  Essays Svo,  *2  00 

Scheithauer,    W.     Shale    Oils    and    Tars Svo,  *3  So 

Schellen,  H.     Magneto-electric  and  Dynamo-electric  Machines ....  Svo,  5  00 

Scherer,  R.     Casein.     Trans,  by  C.  Salter Svo,  *3  00 

Schidrowitz,  P.     Rubber,  Its  Production  and  Industrial  Uses Svo,  *5  00 

Schindler,  K.     Iron  and  Steel  Construction  Works i2mo,  *i  25 

Schmall,  C.  N.    First  Course  in  Analytic  Geometry,  Plane  and  Solid. 

i2mo,  half  leather,  *i  75 

Schmall,  C.  N.,  and  Shack,  S.  M.    Elements  of  Plane  Geometry. . .  i2mo,  *i  25 

Schmeer,  L.    Flow  of  Water Svo,  *3  oc 

Schumann,  F.    A  Manual  of  Heating  and  Ventilation. . .  .lamo,  leather,  i  50 

Schwarz,  E.  H.  L.    Causal  Geology Svo,  *2  50 

Scliweizer,  V.    Distillation  of  Resins Svo,  *3  50 

Scott,  W.  W.     Qualitative  Analysis.    A  Laboratory  Manual Svo,  "^i  50 

Scribner,  J.  M.    Engineers'  and  Mechanics'  Companion.  .x6mo,  leather,  i  50 
Scudder,    H.     Electrical    Conductivity    and    Ionization    Constants    of 

Organic  Compounds Svo,  *3  00 

Searle,  A.  3.     Modem  Brickmaking Svo,  ^5  00 

Cement,  Concrete  and  Bricks Svo,  *3  00 

Searle,    G.    M.      ''Sumners'    Method."      Condensed    and     Improved. 

(Science  Series  No.   124. ) i6mo,  o  50 

Seaton,  A.  E.     Manual  of  Marine  Engineering Svo  8  00 

Seaton,  A.  E.,  and  Rounthwaite,  H.  M.    Pocket-book  of  Marine  Engi- 
neering  i6mo,  leather,  3  50 

Seeligmann,  T.,  Torrilhon,  G.  L.,  and  Falconnet,  H.    India  Rubber  and 

Gutta  Percha.     Trans,  by  J.  G.  Mcintosh Svo,  *5  00 

Seidell,  A.    Solubilities  of  Inorganic  and  Organic  Substances Svo,  *3  00 

Seligman,   R.     Aluminum.      (Metallurgy   Series.) (In  Press.) 

Sellew,  W.  H.     Steel  Rails 4to,  *i2  50 

Railway  Maintenance    {In   Press.) 

Senter,  G.     Outlines  of  Physical  Chemistry lamo,  *i  75 

■— —  Text-book  of  Inorganic  Chemistry lamo,  *i  75 
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Sever,  G.  F.    Electric  Engineering  Experimeats. 8vo,  boards,     ' 

Sever,  G.  F.,  and  Townsend,  F.    Laboratory  and  Factory  Te*ti  in  Elec- 

trital  Engineering ,8vo,    ' 

Sewall,  C,  H.    Wireless  Telegraphy 8vo,    ' 

Lessons  in  Telegraphy 

Sewell,  T.     The  Csnatnictioit  of  Dynamos 

Seifton,  A.  B.     Fuel  and  Refractory  Materiala lama, 

Chemistry  of  the  Materials  of  Engineering ,   .,.,,..  ,i2mo 

Alloys  (Non-Ferious) — 8vo 

■ —    The  Metallurgy  of  Iron  and  Steel     ...     , 8to, 

Seymour,  A.     Modern  Printing  Inks 8to, 

Shaw,  Henry  S.  H.     Uechanlcal  Integrators.    (Science  Series  Ko.  83. 1 

lemo, 

Shaw,  S.     History  of  the  Staffordshire  Potteries 8*0. 

Chemistry  of  Compounds  Used   in   Porcelain  Manufacture, ..  ,8VD, 

Shaw,   W.  N.     Forecasting   Weather 

Sheldon,  S.,  and  Hausnann,  E.    Direct  Current  Machines. 

Alternating  Current   Machines, , 

Sheldon,  S,,  and  Hausmann,   E.     Electric   Traction   and  Transmission 

Engineering ....      ...  ,  , . 

Shields,  J.  E.     Notes  on  Engineering  Construction izmo, 

Shreve,  S.  H.    Strength  of  Bridges  and  Roofs  .     ! 

Sliunk,  W.  F.     The   Field   Engineer 12: 

Simmons,  W.  H.,  and  Appleton,  H.  A.    Handbook  of  Soap  ManufacCi 

I 

Simmons,  W.  H„  and  Mitchell,  C.  A,     Edible  Fats  and  Oils I 

Simpson,   G.     The   Naval   Constructor... ,,.    .     iimo,   morocco, 

Simiison,  W.    Foundations 8vo.   i  hi  Pr.-a.  1 

Sinclair,  A.     Development  of  the  Locomotive  Engine. .   8vo,  half  leather, 
Sindall,  R.  W.,  and  Bacon,  W.  N.     The  Testing  of  Wood  Pulp . 
Sindall,  R.  W.    Manufacture  of  Paper,     1  Westminster  Series. 
Sloane,  T.  O'C.    Elementary  Electrical  Calculations .    . 
Smallwood.  J.  C.    Mechanical  Laboratory  Methods,     'Van  N< 

Testbooks. )     iimo,    leather. 

Smith,  C.  A.  M.    Handhook  of  Testing,  MATERULS 
Smith,  C.  A.  M.,  and  Watren,  A.  G.     New  Steam  Tables 
Smith,  C.  F.     Practical  Alternating  Currents  and  Testing .  . 
— ~  Practical  Testing  of  Dynamos  and  Motors 

Smith,  F,   A.     Railway   Curves 

Standard    Turnounts   on   American    Railroads 

Maintenance   of  Way  Standards ,. 

Smith,  F.  E.     Handbook  of  General  Instruction  for  Mechanics 

Smith,  K.  G,     Minerals  and  the  Microscope.  , 

Smith,  J,  C,     Manufacture  of  Paint 8vo,     '3  50 

Smith,  R.  H.     Principles  of  Machine  Work      tamo,     'j  00 

— —  Elements  of  Machine  Work 

Smith,  W.     Chemistry  of  Hat  Manufacturing .iiroo,     '^  00 

Soell,    A.    T.     Electric    Motive  Power  ,    ,      8vo.     '400 

Snow,  W.  G.     Pockelbook  of  Steam  Heating  and  VentUatinn.    ( }n  Prega,) 
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Snow,  W.  G.,  and  Nolan,  T.    Ventilation  cf  Buildings.    (Science  Series 

No.  5.) i6mo,  o  50 

Soddy,  F.    RadioactiTity 8vo,  *3  00 

Solomon,  M.    Electric  Lamps.     (Westminster  Series.) 8vo,  *2  00 

Someiscales,  A.  N.    Mechanics  for  Blarine  Engineers lamo,  *i  50 

Mechanical  and  Marine  Engineering  Science Svo,  ^5  00 

Sothem,  J.  W.    The  Marine  Steam  Turbine Svo,  "*$  00 

Verbal  Notes  and  Sketches  for  Marine  Engineers 8vo,  ^5  00 

Sothern,  J.  W.,  and  Sothem,  S.   M.     Elementary  Mathematics   for 

Marine  Engineers lamo,  '^i  00 

Simple  Problems  in  Marine  Engineering  Design i2mo,  "^i  00 

Southcombe,  J.  E.  Chemistry  of  the  Oil  Industries.  (Outlines  of  In- 
dustrial Chemistry.) Svo,  *3  00 

Soililet,  D.  H.    Dyeing  and  Staining  Marble.    Trans,  by  A.  Morris  and 

H.  Robson Svo,  *2  50 

Spang,  H.  W.    A  Practical  Treatise  on  Lightning  Protection iimo,  i  00 

Spangenburg,  L.    Fatigue  of  Metals.    Translated  by  S.   H.  Shreve. 

(Science  Series  No.  23.) i6mo,  0  50 

Specht,  G.  J.,  Hardy,  A.  S.,  McMaster,  J.  B.,  and  Walling.   Topographical 

Surveying.     (Science  Series  No.  72.) i6mo,  o  50 

Spencer,  A.  S.     Design  of  Steel -Framed  Sheds 8vo,  ""4  00 

Speyers,  C.  L.    Text-book  of  Physical  Chemistry Svo,  *2  25 

Spiegel,  L.    Chemical  Constitution  and  Physiological  Action.     (  Trans: 

by  C.  Luedeking  and  A.  C.  Boylston.) i  25 

Sprague,  E.  H.     Hydraulics iimo,  i  25 

Stahl,  A.  W.    Transmission  of  Power.     (Science  Series  No.  2S.)  .  i6mo, 

Stahl,  A.  W.,  and  Woods,  A.  T.    Elementary  Mechanism i2mo,  *2  00 

Staley,  C,  and  Pierson,  G.  S.     The  Separate  System  of  Sewerage. . .  Svo,  *3  00 

Standage,  H.  C.    Leatherworkers'  Manual Svo,  *3  50 

Sealing  Waxes,  Wafers,  and  Other  Adhesives Svo,  *2  00 

Agglutinants  of  all  Kinds  for  all  Purposes i2mo,  ^3  50 

Stanley,  H.    Practical  Applied  Physics Un  Press. ) 

Stansbie,  J.  H.    Iron  and  Steel.     (Westminster  Series.) Svo,  *2  oo 

Steadman,  F.  M.     Unit  Photography i2mo,  *2  00 

Stecher,  G.  £.     Cork.    Its  Origin  and  Industrial  Uses x2mo,  i  00 

Steinman,  D.  B.     Suspension  Bridges  and  Cantilevers.     (Science  Series 

No.  127.) o  50 

Melan's  Steel  Arches  and  Suspension  Bridges Svo,  ^^3  00 

Stevens,  H.  P.    Paper  Mill  Chemist i6mo,  *2  50 

Stevens,  J.  S.     Theory  of  Measurements i2mo,  *i  25 

Stevenson,  J.  L.    Blast-Fumace  Calculations i2mo,  leather,  *2  00 

Stewart,  G.    Modem  Steam  Traps i2mo,  *i  25 

Stiles,  A.    Tables  for  Field  Engineers i2mo,  z  00 

Stodola,  A,    Steam  Turbines.    Trans,  by  L.  C.  Loewenstein Svo,  ^5  00 

Stone,  H.    The  Timbers  of  Commerce Svo,  3  50 

Stopes,  M.    Ancient  Plants Svo,  *2  00 

The  Study  of  Plant  Life Svo,  ^2  00 

Stumpf,  Prof.    Una-Flow  of  Steam  Engine 4to,  *3  50 

Sudborough,  J.  J.,  and  James,  T.  C.    Practical  Organic  Chemistry. .  i2mo,  *2  00 

SufiOing,  E.  R.    Treatise  on  the  Art  of  Glass  Painting Svo,  ^3  50 

Bur,  F.  J.  S,    Oil  Prospecting  and  Extracting Svo,  *i  00 
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Swui,  E.    Patents,  Designs  and  Trade  Muks.     (Westminster  Series.). 

8vo, 

Swinburne,  J.,  Wardii^h&m,  C.  H.,  and  Mardn,  T.  C.    Electric  Currents. 

(Science  Series  No.  109.) t6roo, 

SwoDpe,  C.  W,    Lessons  in  Practical  Electricity iimo, 

Tallfer,  L.    Bleaching  Linen  and  Cotton  Yam  and  Fabrics  .    .....  Svo, 

Tate,  J.  S.     Surcharged  and  Different  Forms  of  Retaining-walts.    (Science 

Series  Ko.  7.)  i6mo, 

Taylor.  F.  N.     Smalt  Water  Supplies.  .   lame, 

—  Masonry   in   Civil   Engineering Svo, 

Taylor,  T.  C.     Surveyor's  Handbook lamo,  leather, 

Backbone  of  Perspective  .     . .   ......  — iimo, 

Taylor,  W.  P.     Practical  Cement   Testing 8vo, 

Templeton,  W.     Practical  Mechanic's  Workshop  Companion. 

Tenney,    E.    H.      Test    Methods    for    Steam    Power    Plants.       (Van 

Nostrand's   Textbooks,  1 iiroo, 

Terry,  H.  L.    India  Rubber  and  its  Manufacture.     [Westminster  Series.) 

Svo, 
Thayer,  R.  R.    Structural  DeEign.    Svo. 

Vol.     I.    Elements  of  Structural  Design 

Vol:    II.     Design   of   Simple   Structures 

Vol.  ni.    Design  of  Advanced  Siruchires.  .    .    . .  .t/n  pTrpnraiiin.i 

FouQiIations  and   Masonry.    ...  ..i/ji    Pri-pariiiicn  1 

Thiess,  J.  B.,  and  Joy,  G.  A.     Toll  Telephone  Practice .Svo. 

Thorn,  C,  and  Jones,  W.  H.  Telegraphic  Connections.  oblone,  timo, 
Thomas,  C.  W.     Paper-makers'  Handbook  ...  ilii  Pms.) 

Thompson,  A.  B.     Oil  Fields  of  Russia  41a, 

Thompson,  S.  P,     Dynamo  Electric  Machines.     (Science  Series  No.  75.I 

■6mo, 
Thompson,  W.  P.     Handbook  of  Patent  Law  of  All  Countries    .  .    .  i6mo, 

Thomson.  G.  S,     Milk  and  Cream  Testing .    . .    . tamo. 

— —  Modem  Sanitary  Engineering.  House  Drainage,  etc   .    .    Svo, 

Thomley,  T.     Cotton  Combing  Machines Svo, 

Colion  Waste.  .    .8vo, 

Cotton  Spinning.     Svo. 

First  Year 

Second   Year   

Third  Year 

Thurso,  J.  W.     Modem  Turbine  Practice 8to, 

Tidy,  C,  Meymolt.  Treatment  of  Sewage.  (Science  Series  Ho.  Q4'1  i6ino. 
Tillmans,   J.    Water  Purification   and   Sewage  DisposaL    Trans,    by 

Hugh  S.  Taylor .       8vo, 

Tinney,  W.  H.     Gold-mining  Machinery    .  .....  Svo, 

Titherley,  A.  W.    Laboratory  Course  of  Organic  Chemistry . Svo, 

Toch,  M.     Chemistry  and  Technology  of  Miied  Paints Svo, 

Materials  for  Permanent  Painting tamo, 

. Chemistry   and   Technology   of   Mixed   Paints., l/ii    Pr^ssj 

Tod,  J.,  and  McGibbon,  W.  C.  Marine  Engineers'  Board  of  Trade 
Examinations,,.. 8*0, 
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Todd,  J.,  and  Whall,  W.  B.    Practical  Seamanship 8vo,  *7  50 

Tonge,  J.    Coal.     (Westminster  Series.) 8vo,  *2  00 

Townsend,  F.    Alternating  Current  Engineering 8vo,  boards,  *o  75 

Townsend,  J.    Ionization  of  Gases  by  Collision 8vo,  *i  25 

Transactions  of  the  American  Institute  of  Chemical  Engineers,    876. 

Seven  volumes  now  ready.    Vol.  I.  to  VII.,  1908-1914 8vo,  each,  *6  30 

Traverse  Tables.     (Science  Series  No.  115.) i6mo,  o  30 

morocco,  i  00 

Treiber,  E.     Foundry  Machinery.     Trans,  by  C.  Salter xamo,  i  25 

Trinks,  W.,  and  Housum,  C.     Shaft  Governors.     (Science  Series  No.  122.) 

i6jio,  o  50 

Trowbridge,  W.  P.    Turbine  Wheels.     (Science  Series  No.  44.) . .  i6mo,  0  50 

Tucker,  J.  H.    A  Manual  of  Sugar  Analysis 8vo,  3  50 

Tnnner,  P.  A.    Treatise  on  Roll-turning.    Trans,  by  J.  B.  Pearse. 

8vo,  text  and  folio  atlas,  zo  00 
Tombull,  Jr.,  J.,  and  Robinson,  S.  W.    A  Treatise  on  the  Compound 

Steam-engine.     (Science  Series  No.  8.) i6mo, 

Torrill,  S.  M.    Elementary  Course  in  Perspective i2mo,  *i  25 

Twyford,  H.  B.     Purchasing 8vo,  *3  00 

Tirrrell,  H.  G.    Design  and  Construction  of  Mill  Buildings 8vo,  *4  00 

Concrete  Bridges  and  Culverts i6mo,  leather,  *3  00 

Artistic    Bridge   Design 8vo,  *3  00 

Underbill,  C.  R.  Solenoids,  Electromagnets  and  Electromagnetic  Wind- 
ings  i2mo,  *2  00 

Underwood,  N.,  and  Sullivan,  T.  V.     Chemistry  and  Technology  oif 

Printing   Inks    8vo,  *$  00 

Urquhart,  J.  W.    Electric  Light  Fitting i2mo,  a  00 

Electro-plating i2mo,  2  00 

Electrotyping i2mo,  2  00 

Usbome,  P.  O.  G.    Design  of  Simple  Steel  Bridges 8vo,  *4  00 

Yacher,  F.    Food  Inspector's  Handbook lamo,  '''3  00 

Van  Nostrand's  Chemical  Annnal.    Third  issue  1913 leather,  xamo,  *2  ^ 

Year  Book  of  Mechanical  Engineering  Data (In  Press.) 

Yan  Wagenen,  T.  F.    Manual  of  Hydraulic  Mining x6mo,  x  00 

Yega,  Baron  Yon.    Logarithmic  Tables 8vo,  cloth,  a  00 

half  morroco,  a  50 

Yincent,  C.    Ammonia  and  its  Compounds.    Trans,  by  M.J.  Salter.  8vo,  *a  00 

Yolk,  C.    Haulage  and  "^^ding  Appliances 8vo,  *4  00 

Yon  Georgievics,  G.    Chemical  Technology  of  Textile  Fibres.    Trans. 

by  C.  Salter 8vo,  ^4  5o 

Chemistry  of  Dyestuffs.    Trans,  by  C.  Salter 8vo,  *4  50 

Yose,  G.  L.    Graphic  Method  for  Solving  Certain  Questions  In  Arithmetic 

and  Algebra     (Science  Series  No.  x6.) i6mo,  o  !;o 

YoFmaer,  A.     Ozone (In  Press.) 

Wabner,  R.    Ventilation  in  Mines.    Trans,  by  C.  Salter 8vo,  *4  50 

Wade,  E.  J.     Secondary  Batteries 8vo,  *4  00 
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Wadmore,  T.  M.    Elementary  Chemical  Theory  .  .    lane, 

Wadsworth,  C.     Primary  Battery  Ignition  .  , iimo, 

Wagner,  E.     Preserving  Fruits,  Vegetables,  and  Meat    .    .,..,..  i 
Waldram,  P.  J.     Principles  of  Structural  Mechanics .  ....       i 

Walker,  F.  '  Aerial  Navigation 

Dynamo  Building.     iScience  Series  No.  gS.j  ...    . .  .i 

'Valker.  F.     Electric  Lighting  for  Marine  Engineers ..8vo, 

Walker,  J.     Organic  Chemistry  for   Students  of   Medicine 8vo, 

Walker,  S.  F,     Steam  Boilers,  Engines  and  Xurbioes. Sro, 

Refrigeration,  Heating  and  Ventilation  on  SbiptMurd i 

Electricity  in  Mining.  , 8to, 

Wallis-Tayler,  A.  J.     Bearings  and  Lubrication BVO, 

Aerial  or  Wire  Ropeways ifO, 

• Motor   Vehicles    tor   Business   Purposes.,.. 8»o, 

Refrigeration,   Cold    Storage   and    Ice-Making. 8vo, 

Sugar   Machinery.  , . 

Walsh,  J.  J.     Chemistry  and  Physics  of  Mining  and  Mine  Ventilation, 

Wanklyn,  J.  A.    Water  Analysis 

Wansbiough,  W.  D.    The  A  B  C  of  the  DiSeiential  Calcnlus 

—  Slide  Valves luno. 

Waring,  Jr.,  G.  E.    Sanitary  Conditions.  I  Science  Series  No.  31.) ,  tfima, 

Sewerage  and    Land   Drainage 

Waring,  Jr.,  G.  S.     Modem  Methods  of  Sewage  Diaposal lanui^ 

. How  to  Drain  a  House   lamo, 

Warnes,  A.  R.     Coal  Tar  Distillation 8TO, 

Warren,  F.  D.    Handbook  on  Reinforced  Concrete 

Watkins,  A.     Photography.     (Westminster  Series.i Srg, 

Watson,  E.  P.     Small  Engines  and  Boilers 

Watt,  A     Electro-plating  and  Electro -refining  of  Metals 

. Electro-metallurgy     

The  Art  of  Soap  Making 9vo, 

- —  Leather  Manufacture , 

Paper-Making Bvo, 

Weather  and  Weather  Instruments.  ...,■.. , iimo, 

P«P«. 
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